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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
"STUDY OF EVAPORATOR SCALING"
SOLUBLE CARBONATE-SULFATE SCALES
SUMMARY
luble, sulfate-carbonate scales are one of the two most prevalent
g evaporation of alkaline black liquor. These deposits form by
odium carbonate and sodium sulfate from a supersaturated solution
the liquor is concentrated beyond the saturation limit. Scale
by solubility conditions in the bulk liquor rather than by local
hot surface. It sets in at a critical solids content directly
ity limits and can become quite rapid once the critical solids
d. Most liquors reach saturation at about 50 to 55% solids.
ty curves are presented which can be used to estimate the critical
a given liquor. The effect of liquor composition on soluble scale
cordance with the solubility curves. Saturation concentrations
reases in carbonate and sulfate content, proportion of sulfate,
er sodium salts. The addition of NaOH to the liquor to maintain
kali (8.3% on solids or 14 gpl in weak liquor, as Na2O) did not
nation.
,ct of evaporator operating variables on carbonate-sulfate scaling
d to their effect on local solids content. There was no indica-
upersaturation could be maintained, without scaling, through a
perating variables.
all heat transfer coefficient was found to be strongly dependent
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f ( Local coefficients are much lower in the subcooled zone than they are in the net 
boiling zone. A substantial improvement in overall heat transfer coefficient could
be obtained by shortening or eliminating the subcooled zone, provided that this
does not adversely affect flow stability.
Carbonate/sulfate scaling in black liquor evaporators can be readily pre- 
vented or minimized by means of one or more of the following steps.
1. Reduce the discharge solids content from the evaporator to a V*~I! :level below the saturation solids content of the liquor.
:I~~f ~ 2. Reduce the amount of sulfate and carbonate in the liquor so
that the saturation solids content is greater than the dis-
{a'I~ charge solids content.
3. Provide entrained solids to encourage precipitation in the
i\.S- (-bulk liquor instead of the hot surface.1'.,i 4. Maintain operation as stable as possible.
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INTRODUCTION
:5
Deposition of scale in evaporator tubes increases the resistance to
heat transfer and can be responsible for a marked decrease in evaporator capacity.
A recent survey of evaporator operation in the alkaline pulping industry (de-
scribed in Progress Report One) (1) showed that average coefficients for black
liquor evaporation systems varied from 130 to more than 300 Btu/hr ft2 OF. The
primary reason for this wide range in evaporator performance was evaporator scaling.
Different types of scales can form during evaporation of black liquor.
They are often classified according to the degree of difficulty in removing them.
The two most prevalent types are soluble scales and calcium scales.
Soluble scales consist mainly of precipitated sodium sulfate and sodium
carbonate. These materials are soluble in water or weak black liquor, and the
scales can be controlled by boiling out the evaporator with water or by periodic-
ally cycling weak liquor through the evaporator.
Calcium scales contain calcium carbonate as the main component. These
are not water soluble and must be removed by other means such as acid cleaning,
thermal shocking, hydroblasting, etc. Some calcium scales can be removed by
boiling out with water, probably because of the thermal shocks involved.
This report is concerned only with soluble carbonate-sulfate scales.
Subsequent reports will treat other types of scales.
NATURE OF SOLUBLE SCALES
Confusion exists in the literature as to the nature of soluble scale.
The revised edition of Pulp and Paper Manufacture, Vol. 1, (2) states that water-
soluble scales are usually Na2SO4 caused by excess unreduced sulfate in the black
I
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liquor, which scales out on the hot surface because of the inverted solubility O
vs. temperature curve, for Na 2S0 4. They give a value of 5-6% Na2S04 (on dry solids)
as the critical limit. Berry (3) also lists sodium sulfate scale due to the in-
verted solubility behavior of NazS0 4. Letonmyaki, et al. (4) found deposits on
the evaporator tube wall to be rich in Na 2S04 and Na 2C03 as well as ligneous and
resinous substances. Dedrichs and Hedstrom (5) pointed out that in black liquors,
the double salt, Burkeite, (2Na 2S04-Na2C0 3) is more likely to precipitate than
either of the single salts. They found analyses of deposits to agree closely
with the composition of the double salt. Stacie and Wilhelmsen (6) mention a pre
cipitated scale -primarily soluble inorganic salts such as Na 2S04, Na 2C03 and some
black liquor solids. Thus, there is universal recognition that sulfate is involved,
a lesser awareness of the involvement of carbonate, and some indications that
organic materials may also be present.
Solubility limits for certain components in alkaline process black liquors
were determined in a previous study at the Institute and the results published (7).
This study showed that the materials most likely to precipitate were Na2CO3 and
Na2SO4, forming a solid phase with a composition close to that of Burkeite (2Na2S04-
Na 2C03). There was little evidence for organic precipitation in concentrating
liquors up to 65% solids. Most organic which did precipitate was residual soap.
Temperature did not have a major effect on the solubility of liquor components
over the range 100-140°C.
These data suggest that soluble scales should be basically a crystalline
deposit of Na2S04 and Na2C03, with a composition close to that of 2Na 2S04'Na2C 0 3,
formed by precipitation from a supersaturated solution. Resinous material could
be present if it is not removed effectively in a prior soap skimming operation.
Ligneous substances would not normally be present unless the residual alkali
Members of The Institute of Paper Chemistry Page 5
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level in the liquor was below that needed to stabilize the lignin colloid.
Fibers can be readily incorporated into the scale and serve as a reinforcing
agent. However, they will not form a scale by themselves.
IDENTIFICATION OF SOLUBLE SCALES
'*|l ~ The proper identification of an evaporator scaling problem must be
based on an analysis of the composition of the deposits. Thus, soluble scales
would be better identified as those deposits which are rich in Na2SO4 and
Na2CO 3. Since these scales are by definition water soluble they are quite easy
to remove by boiling out the evaporator. Thus, they can be removed without
opening up the evaporator, and so few direct samples of the deposit are taken.
For this reason soluble scales are often identified indirectly on the basis of
their ease of removal by boiling out rather than by direct analysis of their
composition. This assumes that all deposits which are removable by boiling out
with water are water-soluble scales. This is not necessarily true. Some calcium
scales can also be removed by boiling out (probably because of thermal stresses).
Since many scales in black liquor evaporators are controllable by boiling out
with water and are not clearly identified by analysis of composition, there is a
good deal of uncertainty regarding the relative severity of different types of
scales and much confusion about methods for minimizing scales.
SIGNIFICANCE OF SOLUBLE SCALES
Soluble scales are an important problem. In the survey presented in
Progress Report One (1), 19 of the h6 kraft and soda mills which participated
reported a soluble carbonate-sulfate scale. It is not at all clear how re-
liable this number is nor to what extent the identification of sulfate-carbonate
scale is based on direct evidence.
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It has commonly been assumed that soluble scales are rapid growing W
scales which can be removed fairly easily, while calcium (and other) scales
form much more slowly and remain behind as a residual scale when the soluble
scale is removed by boiling out. This leads to the concept that soluble Na2CO3-
Na2S04 scales are responsible for the short-term deterioration in evaporator per-
formance which can be recovered by boiling out, while calcium and other insoluble
scales cause a gradual degradation in performance level.
The data obtained in the survey did not support this concept. No corre-
lations could be established between boilout frequencies or the extent of capacity
loss between cleanings, and expected soluble scale parameters. Instead, correla-
tions of boilout frequencies with the calcium content of the liquor were found.
This was interpreted to mean that calcium scales could be at least partly con-
trolled by boiling out with water, and that over the entire industry, calcium
scales had a greater effect on evaporator performance (even short-term performance)
than soluble scales.
Soluble scales are almost certainly encountered in concentrators. Prac-
tically all black liquors become saturated in Na2C0 3 and Na2S0 4 at solids contents
of 55% or lower. Thus, precipitation of Na2C03 and Na2S04 is always possible when
concentrating to 60-65% solids. The occurrence of soluble scales must be provided
for in the design of concentrator systems.
It is evident that soluble scales can cause problems in multiple-effect
evaporator systems. In general, these appear to have less impact on evaporator
performance (loss of capacity and need for cleaning) than do calcium scales.
Soluble scales are likely to be encountered in concentrators, and provisions must 
be made in concentrator designs to allow for them. 0
L




CONTROL OF SOLUBLE SCALES
Approaches to the control of soluble scales which have been used or sug-
gested include the following:
1. Reduce the amounts of Na2SO4 and Na2CO 3 in the liquor. This usually
takes the form of maintaining high reduction efficiencies in the recovery furnace
and a high degree of conversion in the causticizing plant. The emphasis is mainly
on Na2SO4. A maximum level of 5-6% Na2SO4 on the liquor solids is often used
as a guideline.
2. Maintain a high residual active alkali in the liquor. This could
take the form of caustic or white liquor addition to weak black liquor or the
use of excess active alkali during, cooking. The solubility study (7) showed that
caustic addition will tend to decrease the solubility of Na2CO 3 and Na2SO4 in the
black liquor. Thus, any beneficial effect of high residual alkali would seem to
be associated with improved lignin stability. A minimum residual active alkali
concentration of 6 gpl as Na2O in weak liquor is often used as a guideline.
3. Effective soap removal. As liquors are concentrated, soaps will
precipitate and must be removed. Residual soap will contribute to soluble scale
formation.
4. Keep fiber out of liquor. Fiber will reinforce scales as they form
and increase the severity of the scaling problem. A filter on the weak liquor
can be used for fiber removal. A concentration of 0.25-0.3 lb fiber per 1000 gal
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5. Reduce discharge solids level from multiple-effect evaporators. .
Since solubility limits of Na2C0 3 and Na 2SO4 are approached rather rapidly at
about 50% solids, soluble scale problems can be avoided by staying safely below
the critical solids level. This approach is feasible only if there is sufficient
direct contact evaporator (or concentrator) capacity to reach the desired final
solids concentration.
6. Eliminate superheated steam to first effect. Several mills have
reported a reduction in scaling problems when desuperheaters were installed on
the steam supply.
7. Increase velocity of liquor in tubes. This can be accomplished by
multipass arrangements or by recirculating concentrated liquor.
8. Eliminate low velocity, sensible-heat zones. Internal preheaters, 
after heaters, or external forced circulation preheaters can be used to eliminate
the stagnant, sensible-heat zone.
The effectiveness of these various procedures is often subject to debate.
A definitive knowledge of the factors controlling the growth of soluble scales
would permit a rational approach to their control.
OBJECTIVES OF STUDY
The overall objectives of this study were to obtain a better understanding
of the process of soluble scale formation and to use this insight to formulate
measures for minimizing or eliminating the problem. Specific objectives were as
follows:
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a. Analysis of scale composition to verify Na2SO4 and Na2CO 3
as the main components and determine if significant amounts
of organic substances take part.
b. Measurements of scaling rate as a function of controlled
sets of variables.
2. Evaluate the role of equilibrium solubility limits.
a. Verification of soluble scale formation as a crystallization
:, process.
A'^:dm b. Determine if conditions favor local scaling at the wall when
.9·§~ sthe bulk liquor is unsaturated.
.^I~ ~ c. Determine if it is possible to operate without scaling when
..- s£a ~the liquor is supersaturated.
(^|jn ~3. Determine the key parameters controlling soluble scale formation.
a. Liquor composition variables.
~'~if b. Evaporator operating conditions.
~ c. Tube surface conditions.
4. Reevaluate measures for controlling soluble scale in the light of
.i~
the results of the study.
An experimental single-tube evaporator was constructed and used to obtain
data on scale formation under controlled conditions. These data, together with
information gathered in the survey and data on solubility limits in black liquors
obtained in a previous study (Project 3136) were used to meet the objectives of
the study.
_ _
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REVIEW OF SOLUBILITY WORK e
Solubility limits for various components in black liquor were deter-
mined in an earlier group project (Project 3136). The results of this study were
published in a paper "Solubility Limits in Black Liquor" presented at the Inter-
national Symposium on Recovery of Chemicals and Energy held at the 80th National
Meeting of AIChE in Boston, September, 1975 (7). Copies of this paper are avail-
able as IPC Technical Paper Series, Number 6. Since this work is very pertinent
to the soluble scale problem, a brief review is given below.
Solubility data were obtained under equilibrium conditions (constant
temperature and no net interchange between precipitated solids and liquor com-
ponents in solution). Liquors were equilibrated with precipitated solids in
closed, stirred vessels immersed in a temperature-controlled oil bath. Samples 
of the solution phase were obtained by using fritted glass filters to exclude
precipitated solids. Compositions of the solid phase were determined by an adapta-
tion of Schreinemaker's rest method which corrects for entrained solution in the
solid phase sample. Liquors from nine different mills were used in the program.
CARBONATE-SULFATE SOLUBILITY
It was established that Na2CO 3 and Na2SO 4 are the major components which
precipitate on concentrating black liquors up to solids contents as high as 65%.
The solubility behavior of Na2CO3 and Na2SO4 in black liquor is very similar to
their behavior in the Na2CO 3-Na2SO 4-NaOH-H20 system. Over most of the range of
liquor composition, the precipitated phase is a solid solution of Na2CO 3 and
Na2SO4 ranging in composition from (1.4 to 2.2)Na 2SO4,Na 2C0 3 (65-75% Na2SO 4 by
weight). Temperature has very little effect on the solubility over the range 
100-1400C.
I
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A general correlation for the solubility limits of Na2CO 3 and Na2S04
in black liquor was developed. The main parameters involved are the total amount
of Na2CO 3 and Na2SO4 present, the carbonate-sulfate ratio, the solids content of
the liquor, and the effective sodium. The latter is all of the sodium in the
liquor other than that accounted for by the carbonate and the sulfate, and may
be defined as
Effective sodium = total sodium - 23 N503 + Na
i'- ~Saturation curves for a Na2CO3/Na 2SO4 ratio of 80/20 are given in Fig. 1.
This figure can be used to determine the solids content at which a given liquor
|1i1 becomes saturated or conversely the amount of Na2C0 3 and Na2SO 4 which can be held
in solution at a given liquor solids content. A correction factor to extend Fig. 1
to other Na2C0 3/Na2SO4 ratios is given in Fig. 2. The value of soluble Na2CO3 +
Na2SO 4 read from Fig. 1 is to be multiplied by the correction factor.
The relations expressed in Fig. 1 and 2 were able to correlate Na2 CO3-
Na2SO 4 solubilities for nine different liquors over a solids-range from -40-65%
and a temperature range of 100-140°C with a mean deviation of -0.6% and a standard
deviation of 7.4%. This general solubility correlation is only approximate. There
are definite differences, usually minor, associated with the different composition
s' of different liquors.
The correlation in Fig. 1 shows that the solubility of Na2CO3 and Na2S04
is decreased as the effective sodium content of the liquor is increased. Thus,
the addition of NaOH to black liquor would be expected to decrease the solubility
of carbonate and sulfate. This was verified directly during the solubility study.
Addition of NaOH to a saturated liquor does cause additional Na2CO 3 and Na2SO4 to
precipitate.
I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~___---.
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SOLUBILITY OF ORGANICS
Particular attention was paid to the solubility of organic constituents
in the liquor. In essentially all of the solubility experiments carried out in
Project 3136 and in subsequent work, the organic content of the precipitated
solids was quite small. The organic which did precipitate correlated with the
residual soap in the liquor. There was no evidence of lignin precipitation simply
by concentrating liquors up to 65% solids. Lignin precipitation could be induced
by lowering the pH of the liquor. This latter behavior could be reversed by
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The solubility study strongly indicated that the major components of a
soluble scales should be precipitated Na2C03-Na 2S04 containing 60-80% Na 2SO 4. a
This was in agreement with the findings of Dedricks and Hedstrom (5) and Stacie -!
and Wilhelmsen (6). The solubility study also suggested that organic compounds 'I
would not be a significant component of the scale unless soap removal was poor, "
or the liquor pH was too low for lignin stability. In addition, the carbonate- '
sulfate saturation curves which were generated provided a means for a quantitative .
ts.z
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REVIEW OF SURVEY INFORMATION
T.- ~ ~ As mentioned previously, a survey of evaporator scaling problems in
the alkaline pulp industry was carried out in an earlier phase of this project
and the results presented in Progress Report One (1). A questionnaire was used
to obtain data on evaporator performance, cleaning frequencies, scale composi-
tion, evaporator design parameters, operating variables, and mill process condi-
tions. This information was complemented by data on liquor composition obtained
by analysis of liquor samples which were submitted by some of the mills. Of the
46 alkaline pulp mills which returned questionnaires, 28 also supplied liquor
samples. In view of the importance of this survey in defining the nature and
severity of evaporator scaling problems and the relevance of this information
to the understanding of soluble scales, it is appropriate to review the main
findings.
.~\ ~ Data defining the extent of scaling problems encountered are presented
in Table I. This includes information on cleaning frequencies and capacity
loss as well as the types of scales encountered. Eighteen mills reported car-
bonate-sulfate scale. Evaporator operating data are given in Table II. Mills 1
through 28 are those for which liquor composition data are available. Composi-
tion information is presented in Table III. These data which are summarized
here are described in detail in Progress Report One.
Statistical analysis of the data obtained in the survey showed signifi-
cant correlations between the measured calcium content of the liquors and the
frequency of water boilout, the rate of decline in evaporator productivity, and
average heat transfer coefficients. This was interpreted to mean that calcium
scales constitute the most serious scaling problem and have the strongest in-




Members of The Institute of Paper Chemistry
Project 3234 
TABLE I O





































(S S/oO. Reported Scale
7.0 109 Calcium scale 1C & 1AB
6.5 105 Calcium carbonate, last effect
scale greatest
30.9 241 Calcium carbonate 87%
26.4 124 Calcium and carbonate-sulfate
scase, first effects
15.2 140 CaCO3, 75%. 1A, lB & 2 effects
-- - Carbonate-sulfate scale, aluminum
silicate scale, 1A, 1B, 2 & 3 effects
- - Calcium & silica scale. 60% CaO,
20X SiO2, 1, 2, 3 & 4 effects
19.0 96.5 Na2CO-Na2SO0 scale, 75%~-- ~ -- Calcium carbonate and fiber 2B effect
22.1 89 Carbonate-sulfate scale and organic
2 effect starts to scale first
2.7 15 Carbonate-sulfate scale, 3 body
27:4 57 Fiber, Fe & alumina. Most scale can
be removed by water washing.
1 & 2 bodies
24 36 Carbonate-sulfate, calcium, & fiber-
dried liquor. Bottom of 1 effect
- - No composition. 1 & 2 effects, more
toward top
10 8 Carbonate-sulfate, calcium, silica
& aluminum silicate scale
14.8 25 Calcium carbonate. Not having an
abnormal scaling problem
4.6 19 No information on scale. 'We know
of no scale problems"
-- - Silica. Primary scale buildup is
considered to be organic. 1 effect
-- - Calcium scale, some silica. 1 effect
-- -- Na2CO3-Na 2SOscale, no analysis, water
washable. 1, 2 & 3 effects
..-- -- Carbonate-sulfate & calcium scale.
2 & 3 effects, full tube length
-- -- Carbonate-sulfate scale, from appear-
ance 1 & 3 effects
22.8 35 Composition not available. 3, 4 & 5
effects
20.2 22 No known scale
..._ -- Scaling not a problem at this time
..-- -- No scaling problems
- - Slight but insignificant scale in
final pass of 1 effect





































- -- Calcium scale primary, carbonate-
sulfate secondary
21.4 129 Aluminum silicate scale. 1B, 1A, 2
& 3 effects
17.8 85 Carbonate-sulfate scale, worse in
hot effects
..-- -- CaCO, scale, up to 40% fiber
-- - Calcium & sodium scale. Bottom of
2 effect (highest solids)
26.9 108 Reports silica but analysis suggests
CaCO3, Na2 COj & Na2SOi, 1 & 2 effects
8.2 42 Scaling not a problem. Primarily in
1 & 2 effects but some in all
4.7 25 Carbonate-sulfate, calcium & silica
scale. 1, 2 & 3 effects, top third,
not a major problem
6.1 25 Carbonate-sulfate. Found in all bodies
except feed bodies, increases with
temperature
-- -- Ligneous carbonate with some Ca and lg
10 40 Mild carbonate-sulfate scale. No
current problems
-- -- Carbonate-sulfate, CaCO 3 & MgCO,.
1, 2 & 3 effects
-- -- CaCO3, slight scaling in all effects.
Does not cause operating problems
-- -- No scale
-- -- No information
-- - No scale problem encountered since
start up
-- No scale internally
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despite their insoluble nature, could be controlled to a significant extent by
water boilouts. Thus, water washing frequency is not a reliable indicator of
soluble scale problems.
A somewhat surprising result of the survey was the lack of correlation
between scaling indicators and those liquor composition variables (such as %
Na2SO4, % Na2CO3 and saturation solids content) which would be expected to have
a bearing on Na2CO 3-Na2SO4 precipitation. This was attributed to the dominance
of calcium scales. Although this explanation is reasonable, the observed lack
of correlation between scaling indicators and carbonate-sulfate saturation could
also be interpreted as meaning that soluble scale formation is not due simply to
precipitation of Na2CO3 and Na2SO4 from a supersaturated solution. Since Progress
Report One was published, the data have been reexamined to try to clarify this
point.
The statistical correlations presented in Progress Report One were based
on the full data set of all reporting mills without regard to the type of scale
encountered. These correlations thus reflect the main variables controlling the
type of scale having the greatest effect on evaporator performance. The strong
correlation with the calcium content of the liquor indicates that these are the
calcium scales. This strong dependence of scaling parameters on calcium content
tends to obscure other relationships which may be involved. In order to eliminate
some of this "interference" between calcium scales and soluble scales, it is help-
ful to divide the data set into two subsets, those mills which report having soluble
scales, and those which do not. This need only be done for the twenty-eight mills
which submitted liquor samples, since liquor composition data are needed to resolve
the question. Mill 14 is included with the soluble scale group, even though there
....... I___··__· IWW____ -
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were no specific data on scale composition given, because the available informat * .,
is strongly suggestive of soluble scale. -
A comparison between the mills reporting soluble scale and those which 
did not is given in Table IV. There are some distinctive differences between these *;
two sets of data which are most apparent in the averages. The soluble scale group ..
is characterized by a significantly greater degree of saturation than the other -
group. The average concentration of Na2C03 + Na2S0 4 is 94% of the saturation level. ..
in the first case and only 81% in the second. This is definitely in agreement with i.:"
the concept that soluble scales are caused by precipitation of Na2C03 and Na2S04 .-
from a supersaturated solution. The greater degree of saturation in the first group '
is partly due to the lower average saturation solids content (the solids content at. !'
which any particular liquor become saturated in Na 2C03 and Na 2S04) for these liquors.--
However, the main factor is the significantly higher discharge solids levels front /
the evaporators (50.4% as compared to 47.6%). It is interesting to note that :!;.
average amounts of Na2C03, Na2S04, and residual active alkali are practically the .
same for the soluble scale group and the group not reporting soluble scale. 
These data can be interpreted as indicating that there is indeed a rela- .. ;.
tionship between soluble scale formation and the solubility limits of Na 2 CO 3 and .
Na2SO4 in black liquor. Soluble scales seem to form when saturation concentrations 
are approached or exceeded. The most important factor influencing the approach to ·
saturation is the degree of concentration (liquor solids content reached) in the .
evaporator, rather than liquor composition. Soluble scales are likely to form when ?
the evaporator discharge solids are too high, and can be avoided simply by operating.:'
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It may be noted in Table IV that the average boilout frequency is much , 
higher for the group not reporting soluble scale. This is due mainly to the 5 ,:.
or 6 mills with severe calcium scaling problems and which have very frequent boil- 
outs. This again demonstrates that the ability to recover evaporator capacity by 
boiling out with water is not a good indicator of a soluble scale problem. 
..'.
This reexamination of the survey data does show the expected connection .
between the formation of soluble scale and the saturation concentration of Na2CO3
and Na2SO 4 in black liquor. It also indicates that liquor composition is not the ,;
most important factor. The solids content to which the liquor is evaporated has
a much greater influence on the approach to saturation. These facts, together 
with the dominant effect of calcium scales on evaporator performance, explain the .
apparent lack of correlation of scaling behavior with Na2CO3-Na2SO4 solubility
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STUDIES WITH SINGLE-TUBE EVAPORATOR
In order to obtain data on soluble scale formation under well-defined
conditions, experiments were performed on a single-tube LTV evaporator system
using liquors obtained from operating kraft mills. These experiments serve as
a basis for determining the factors controlling soluble scale formation and for
assessing the effectiveness of control measures.
DESCRIPTION OF SYSTEM
A single-tube LTV evaporator, specially designed to permit close control
of operating variables, accurate measurement of the heat transfer behavior, and
easy access to the scale was used in this study. A schematic diagram of the
single-tube evaporator (STE) is shown in Fig. 3. Liquor flows upward in a vertical
304 SS tube, 19 feet long by 2 inches in diameter. The shell is divided into five
segments, each 3.8 feet long, to permit measurement of the heat transfer distribu-
tion along the tube.
The five major evaporator operating variables: liquor inlet temperature,
inlet liquor flow, steam temperature, vapor head pressure, and inlet solids content,
are all separately controlled. Heat transfer rates are measured by determining
the rate of discharge of condensed steam from the shell side of the unit. Separate
measurements are made of the discharge rate from each segment. An internal guard-
ring arrangement is used to exclude condensate forming on the shell wall from the
measurement.
A schematic diagram of the complete experimental system is shown in
Fig. 4. The flow circuit includes a feed pump, flow control valve, liquor pre-
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t ~and barometric legs for discharge of heavy liquor and condensate. Air is suppl*
to the vapor head to help stabilize the pressure. Two 500-gallon tanks are used
as feed and receiver tanks. The return piping is such that either the heavy
liquor or condensate or both can be sent directly to the feed tank. In addition,
l! two 2500-gallon tanks are available to permit once-through operation with up to
l. ~ 3500 gallons of liquor.
The ranges in which the evaporator operating variables can be controlled
are as follows:
Liquor Flow: 0-2.5 gpm
Liquor Inlet Temperature: 70-270°F
Steam Pressure: 5-60 psig
Head Pressure: 10 in Hg vacuum - 15 psig.
A more detailed description of the experimental evaporator system is
given in Appendix I.
TYPE OF DATA OBTAINED
In order to determine the factors which govern the formation of soluble
scales it was necessary to obtain data on rates of scale deposition, scale compo-
sition, and morphology, and relate them to liquor composition, evaporator operating
conditions, and any other important variables.
The total amount of scale formed was found by weighing the tube before
and after a run. Tubes were also sectioned and weighed to provide a direct measure-
ment of the distribution of scale along the tube. Scale samples for analysis of
composition or for morphological examination were easily obtained from the sectio d
tubes. W
II
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The rate of scale formation could be monitored by observing the effect
of scale on the heat transfer behavior. This provided a continuous measurement
of the extent of scaling during the course of a run to complement the direct
measurement of the total amount of scale formed. The rate of scale formation
can be related to the overall heat transfer coefficient by
:Hg~~~~ M -~ = K d (\ (1)
dt -( (·1)
"X where
M = rate of scale formation, mass of scale/unit time
U = overall heat transfer coefficient, Btu/hr ft2 OF
K= proportionality constant
t = time
This relationship is based on the assmxmption that the only effect of
scale is to add an additional conduction resistance to the total heat transfer
resistance and that all other heat transfer resistances are unaffected by scale
growth. The overall heat transfer resistance is usually written as
1 1 6 1 6
=| ^ :h~ + ^ 
)
1 (2)U. hL k h k** L w c swhere
hL = liquor side film coefficient
6 = tube wall thickness
k = thermal conductivity of wall
h = condensing side film coefficient-c
6 = scale thickness
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Thus, the relationship between scaling rate and overall heat transfer
coefficient given in Equation (1) is valid only if the scale resistance increases
linearly with scale thickness (k5 = constant) and hL and h remain constant. The
most questionable of these assumptions is the constancy of hL. Heat transfer
coefficients are obtained for the entire evaporator as well as separate coeffi-
cients for each segment. This permits calculating an average scaling rate for
the entire evaporator and local scaling rates for each segment. The latter are
highly susceptible to variations in hL.-L
The independent variables which define a set of evaporator operating
conditions (steam temperature, liquor inlet temperature, liquor inlet flow rate,
vapor head pressure and inlet solids content) are all separately measured. The
heat transfer rate, which is a dependent variable, is also measured. These then
-( ~ permit the calculation of other operating parameters such as sensible heat load,
vapor velocity, thermal driving force, etc.
Measurements of liquor composition include solids content entering and
leaving the evaporator (by revised TAPPI oven drying procedure T 650, su-71), and
the amounts of critical substances in the liquor. Substances considered critical
for soluble scale studies include Na2C03, Na2S04, total Na, residual active alkali
and residual soap. The history of the liquor prior to evaporation was also recorded.
Tube surface conditions can have an important bearing on scale growth,
particularly in the early stages of scaling until an initial layer of scale is
formed. The intention in this program was to try to hold these types of variables
constant. In all of these experiments, new tubes were used as received without
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DATA REDUCTION
-X~ ~ All information on evaporator operating conditions and performance was
obtained by measuring key variables at discrete time intervals during the run.
These key variables were the elapsed time, the total pressure at the evaporator
inlet and the pressure drop over the evaporator, steam pressure and temperature,
liquor inlet temperature, temperature of boiling liquor leaving the tube, flow
of concentrated liquor being discharged, flow of condensed vapor being discharged,
total steam condensate flow, steam condensate flow from each segment and oven-
\ Xj dried solids contents on samples of liquor entering and leaving the evaporator.
i. ..'
"' ; Xp' A computer program was used to reduce these raw input data and give the
-"7 desired information. Details of data reduction procedures are provided in Appendix
II. A sample of reduced ou tnput drata is given in Table V. For each time interval.
reduced data include the variables defining the evaporator operating conditions
.,4^ (head pressure, steam pressure, inlet liquor flow, inlet liquor temperature and
f| inlet solids content), the overall heat transfer behavior, the length of the
*;:" ~ evaporator tube used to supply the sensible heat load (ut), pressure and tempera-
..... ~ ture profiles along the tube, heat transfer rates and heat transfer coefficients
'ed.^ for each segment, and information on overall heat and mass balances. All variables
.:,d;. listed in Table V are defined in Appendix II.
·'-. [a
The flow rate of liquor into the evaporator is computed from the measured
N'?" heavy liquor flow rate and the measured solids contents of liquor entering and
-^'. leaving the evaporator, rather than the magnetic flowmeter reading. This was due
to the fact that the magnetic flowmeter was not very accurate at the low flow rates
used. Heat transfer coefficients for each segment are based on a calculated
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eport
concentration (boiling point rise) along the tube as well 
as the measured tempera-
: tures of the liquor entering and leaving the tube. Details 
of the calculation
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C~~~~~~( ~EXPERIMENTAL @
The formation of soluble scale was studied in a series of six experi- 
mental runs with the single-tube evaporator system. Summary descriptions and 
objectives of each of these runs are given below. Detailed descriptions of the X
experiments and the results then follow. In all cases, new 304 SS tubes were 
used so as to eliminate tube surface conditions as a variable in these experiments.
·. S
EXPERIMENTS PERFORMED '^
Experiment 1: This was a preliminary experiment designed to obtain a 
general understanding of the behavior of soluble carbonate-sulfate scales and to 
determine the relationship between scale formation and the degree of saturation 
of carbonate and sulfate in the liquor. The liquor used was a hardwood liquor
fortified with the Na2SO4 and Na2CO3 to increase the scaling tendency. The liquor _ 
was concentrated in a series of steps until severe scaling was encountered. 
'~
Experiment 2: This experiment was carried out with a softwood liquor 
from a mill which was experiencing soluble scale problems. The liquor was obtained /
from the feed to the second effect, and the conditions used in this experiment were '
chosen to simulate those in the second effect of the commercial system. A major ''
objective was to determine if deposits would form at liquor solids contents well
below the critical solids content for Na 2CO 3-Na 2SO4 precipitation. In addition,
the experiment served to concentrate the liquor from the 26.7% solids at which
it was obtained to 33.2% solids for subsequent runs at higher solids levels. 
Experiment 3: This experiment was a sequel to Experiment 2 and was
designed to obtain data on the formation of soluble scales and to relate scaling
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conditions were chosen to be similar to those encountered in the first effect of
a conventional evaporator system. A point of interest was to determine if there
were any significant differences in the scaling behavior of this liquor (known
to exhibit soluble scaling tendencies in the field) and that shown by the arti-
ficially enhanced liquor used in Experiment 1.
Experiment 4: This experiment was designed to determine if the addi-
tion of caustic to the liquor would have a beneficial effect in minimizing soluble
scale. A portion of the liquor from Experiment 2 was treated with an amount of
NaOH equivalent to 5% on the solids (as NaOH). Operating conditions were the same
as those used in Experiment 3. The system was operated with the concentrated
liquor returned to the feed tank to give a gradual rise in inlet solids content.
The relationship between the onset of scaling and solubility limits of Na2CO 3 and
Na2SO4 in the caustic treated liquor was determined.
Experiment 5: This experiment was designed to examine the effect of
fiber in the liquor on scale formation. The objective was to determine if the
presence of fiber caused scales to form when the bulk liquor concentration was
significantly less than the saturation concentration. Fiber was added to a fresh
portion of liquor from Experiment 2 in an amount equivalent to 3 lb/(1000 gal
of 16% solids liquor). Operating variables were similar to those used in Experi-
ment 4.
Experiment 6: This experiment was designed to determine if operation
at higher liquor flow rates and with less sensible heat demand would permit
operation, without scaling, at solids levels greater than the critical solids
level. The objective was to determine if evaporator operating variables had any
- significant effect on scaling other than their effect on local bulk solids levels.
Page..34 Members of The Institute of Paper Chemistry
Report Two Project 3234
The liquor used was a portion of that concentrated in Experiment 2. Operating
conditions were chosen to give a flow rate about three times that used in other
experiments and an inlet liquor temperature as close as possible to the discharge
temperature.
Experiment 1
This experiment was designed to obtain a general understanding of the
behavior of the soluble sulfate-carbonate scales and to obtain quantitative data
on the relationship between scale formation and the saturation limits of carbo-
nate and sulfate. The liquor used was an all-hardwood kraft liquor fortified
with Na 2CO 3 and Na2SO4 to enhance the scaling tendency. The original liquor had
been used previously in experiments on calcium scales (to be discussed in a
separate report) which had effectively depleted it of scalable calcium. This 
was fortified by the addition of 100 lb of Na2C03 and 75 lb of Na 2SO4 to 450
gallons of 33% solids liquor. The composition of the modified liquor (relevant
to soluble scale) is given below as wt.% on an o.d. solids basis.
Na2C0 3 14.5%
Na2S04 6.2%
Residual Active Alkali (as Na2O) 3.0?
Total Sodium 20.2%
Saturation Solids Content 47.1%
The value for the saturation solids content was taken from the general solubility
correlation given in Fig. 1 and 2. The run on the single-tube evaporator is most
easily described by considering it to consist of three distinct parts.
c *
-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- _ _ _ _
-1 Members of The Institute of Paper Chemistry Page 35
Project 3234 Report Two
Description of Run
1. The evaporator was operated in a full recirculation mode with 450
gallons of fortified liquor for about a 24-hour period. Both the condensed vapor
4 and concentrated liquor were returned to the feed tank to permit operation at a
fixed inlet solids content over a fairly long time period with the relatively
,.J small amount of liquor available. Evaporator operating conditions, after an
G% initial period of adjustment, were maintained as constant as possible.
;,S 2.. Fifty pounds of caustic were added to the liquor to increase the
'i~ residual active alkali. The important composition variables of the liquor after
caustic addition were as follows:
Na 2C03 14.2%
Na 2SO4 6.0%
Residual Active Alkali (as Na20) 5.2%
.hi Total Sodium 21.9%
^4 ~Saturation Solids Content 45.4%
Following caustic addition, operation continued essentially as in the first part
of the experiment for about 6 hours. Then the condensed vapor was diverted from
the feed tank to cause a slow rise in the solids content of the evaporator feed.
This was continued until the feed liquor reached 36.6% solids at which time the
condensed vapor flow was returned to the feed tank. Operation continued in a full
recirculation mode for another three hours. Steam pressures were adjusted slightly
upward as needed to maintain an overall heat transfer rate of 70,000 Btu/hr.
3. At this point in the experiment (40 hours from start) the condensed
vapor was again diverted from the feed tank and the system operated in a concen-




Page 36 Members of The Institute of Paper Chemistry i'
Report Two Project 3234 *
42.2%. At that point the condensed vapor was again returned to the feed tank to $
maintain the feed solids at about 42.2% for the duration of the run. Heat transfer
coefficients decreased significantly as the solids levels increased and the evapo-
rator began to scale rapidly. Steam pressures were increased as needed to maintain
as constant a heat transfer rate as possible.
Data
Data describing evaporator operation and the heat transfer behavior
during this experiment are given in Table VI. These data include the elapsed time
from the start of the run, the pressure in the vapor head, steam pressure, the
overall temperature driving force (AT, the difference between the saturated
steam temperature and the liquor boiling temperature) the subcooling (AT, the
difference between the liquor boiling temperature and the liquor inlet tempera-
( ture), liquor flow rate, and the solids content of the inlet liquor. These *
data are essentially under the control of the operator and define the conditions
under which the evaporator is operating at a particular time. The remaining
variables are dependent on the performance of the evaporator. These include the
discharge solids content, the overall heat transfer rate and overall heat transfer
coefficient, and heat transfer coefficients for each of the individual segments,
U.. The latter are calculated from an assumed liquor temperature distribution
along the tube as described in detail in Appendix II.
Two values of outlet solids content are given in Table VI. The first
is the percentage solids of the liquor being discharged from the evaporator system
as determined by direct measurements on samples. The second value is determined
by a heat balance over the tube. The former will normally be somewhat low because
some vapor condenses on the inside of the vapor head and dilutes the liquor being $
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the measured discharge liquor to lag behind the conditions at the tube exit. The 
solids determined by heat balance would be a more reliable indication of the actual
solids content of the liquor leaving the evaporator tube. However, it is strongly
dependent on accurate measurement of the liquor flow rate and the heat transfer
rate. Accurate knowledge of liquor solids content is important because the degree
of saturation changes so rapidly with solids content in this region.
Interpretation of Data for First 40 Hours
The interpretation of these data depends on comparisons between the rate
of scale formation (estimated from heat transfer data and the amount of deposits
formed) and the degree of sulfate-carbonate saturation in the liquor (which depends
on liquor solids content).
The rate of scaling based on the overall heat transfer coefficient
can be defined as d/dt (1/U ), and can be found from the slope of a plot of the
inverse of the overall heat transfer coefficient vs. time. Such a plot is shown
in Fig. 5 for the first 40 hours of Experiment 1 spanning the first two parts of
the run. It is evident that there is some slight deterioration in the heat trans-
fer coefficient (which could be interpreted as scaling) during the first part of
the run (0-25.5 hr). The least-squares regression line for this part is also
shown and has a slope of 6.4 x 10- 6 ft2 °F/Btu. At this rate it would take 18.4
days for the overall heat transfer rate to be cut in half from an initial value
of 353 Btu/hr ft2 OF.
The data in Fig. 5 show a small,'but apparently real, beneficial effect
of caustic addition. Using the regression lines for the first and second parts
of the run as a basis, the overall heat transfer coefficient increases from 335
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of the regression line after caustic addition is slightly negative at -1.7 x
10-6 ft2 °F/Btu (which might be interpreted as a mild cleansing action). This
effect of caustic addition was somewhat surprising since it has been established
that caustic addition decreases the solubility of carbonate and sulfate in black
liquor. It is, however, in agreement with a widely held view that high residual
alkali levels can help to prevent scaling. For these reasons it is appropriate
to examine these data in more detail and determine where "scale" is forming in
the evaporator.
Scaling rates for the individual segments can be defined in a manner
similar to that based on the overall heat transfer coefficient.
Scaling rate in ith segment = R. = (1 ~
Thus, the scaling rate in each of the five segments can be found from the slope
of plots of 1/U. vs. time. Values of the regression coefficients for such plots
for both parts of the run are summarized in Table VII. The results are plotted
in Fig. 6. The behavior of the regression lines is more informative than plots
of the actual data because of the high degree of overlap and scatter involved.
Because the segment coefficients can be more sensitive to changes in operating
variables than the overall coefficients, the first four points, for t = 0.75,
2.25, 3.75 and 5.25 hr (when steady operating conditions were still being estab-
lished), were omitted in the determination of the regression coefficients. This
does not affect the validity of the results. If the first four points were
omitted from the determination ofthe regression lines for the overall coeffi-
cients it would result in values of 4.23 x 10-6 and 0.002865 for the slope and










REGRESSION COEFFICIENTS FOR INVERSE SEGMENT COEFFICIENTS
VS. TIME PLOTS IN EXPERIMENT 1



































0.42 x 10- 5
0.002823 -0.17 x 10 -
0.002865
Examination of Fig. 6 clearly shows that most of the changes occurred
in the first, or bottom, segment of the evaporator. This is the region where
sensible heat is supplied and forced convective heat transfer and subcooled
boiling occurs. It is also the region where the liquor bulk solids content is
lowest. Thus, "scaling," measured by a deterioration in segment heat transfer
coefficients, is greatest where the degree of saturation in carbonate and sulfate
is lowest. There appear to be several ways that this behavior might be rational-
ized.
1. Scaling may be caused by other materials in the liquor rather than
by Na2CO 3 and Na2SO4. If so, these deposits appear to be removable on exposure
to higher alkali levels.
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2. Very small amounts of deposits may have an inordinate effect on
heat transfer rates by interfering with nucleation in the subcooled boiling and
nucleate boiling regions of the evaporator. Palen (8) found a similar effect
in his studies of CaS04 scaling during pool boiling on an electrically heated
strip.
3. Sulfate-carbonate deposits might form ring-type deposits around
specific nucleation sites because of local concentration due to local vaporiza-
tion even though the bulk of the liquor is well below saturation.
.a.
4. The phenomenon may not be due to deposit formation at all, but
rather to other phenomena (such as depletion of trapped gases or deaeration of
the liquor) which would lead to a gradual deactivation of subcooled boiling.
The apparent effect of caustic addition could be due to reaeration of the liquor
when the caustic solution was added to the feed tank.
Although a complete explanation of these phenomena is not yet avail-
--,, able, it is clear that these data are not in contradiction with the established
fact that caustic addition lowers the solubility of carbonate and sulfate in
black liquor. Bulk solubility considerations are obviously not the determining
factor. Whatever the cause, the effect is quite small.
It is of interest to note that carbonate-sulfate scaling is very minor
or even nonexistent in the first 40 hours of this run, even though the liquor is
approaching (or possibly exceeding slightly) saturation near the tube exit. This
indicates that concentration gradients between the hot surface and the bulk liquor
are small and have a negligible impact on scale formation. Data on the degree of
saturation (in sulfate and carbonate) existing at the discharge end of the tube
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Note: General solubility curve gives saturation solids
content = 45.4%. Solubility measurements suggest
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to be the measured solids of the liquor leaving the evaporator (outlet solids in
Table VI) plus 1.9%. The latter is the average difference between measured outlet
solids and that found by heat balance. This is believed to be a more reliable
estimate of the solids content at the end of the heated section. Two values of
the degree of saturation are given in Table VIII. The first is based on the
saturation solids content of this liquor found from the general solubility curve
(Fig. 1). The second is based on experimental measurements of the solubility of
| Na2C0 3 and Na2SO4 in this liquor. The latter data are presented in Table IX.
Values of the Na2S04 + Na2C03 to water ratio for the first four solution phase
samples are 0.196, 0.199, 0.192, and 0.192, respectively. Assuming that the ratio
0.192 holds for the liquor in Experiment 1 containing 14.2% Na2C0 3 and 6.0%
Na2SO4 gives a saturation solids content of 48.8%. Using this latter estimate
to determine the degree of saturation, the discharge was about 90% of the satura-
tion concentration during most of these first two parts of the run, increasing to
just over the saturation value during the latter part. This is strong evidence
that the critical solids content can be approached cuite closely without rapid
scaling occurring.
Interpretation of Data for Final Phase
The final phase of Experiment 1 is of majcr interest because rapid
scaling was encountered. This part of the experiment was initiated when the
system was returned to the concentrating mode of operation. This caused the
solids feed to the evaporator to increase from 36.7% solids to 42.3% solids over
a twelve-hour period. At that point the system was switched to a full recircu-
l ation mode for the final two hours of the run.
^ - The liquor solids contents at various positions along the evaporator
tube during this final phase are given in Table X. . is the measured solids
i n
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content of the feed liquor. Ss, the sol
evaporator tube, is equal to the measure
plus 1.9%. The other values, S1 through
the end of each of the segments. These
experimental heat transfer distribution.
TAI
SOLUBILITY DATA ON LI(
Solution Phase
Total solids, %
Na2CO3, % on solids
Na2S04, % on solids
( Active alkali (as Na 20), % on solids
Total sodium, % on solids
Solid Phase Sample
Total solids, %
Na2C03, % on solids
Na2SO4, % on solids
Active alkali (as NazO), % on solids
Total sodium, % on solids
Calculated Solid Phase




C Total sodium, %
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lids content of the liquor leaving the 
id solids content of the discharge liquor -
S4, are the liquor solids content at
are calculated from S. , S5, and the -in -
/' ] / ''1
BLE IX 
UUOR USED IN EXPERIMENT 1 
1 2 3 4 5 '
41.7 45.4 47.2 49.9 50.3
20.5 17.9 15.4 14.1 12.2 
6.9 6.0 6.1 5.2 3.6
4.3 4.6 4.9 4.9 5.1
23.9 22.8 23.2 21.6 22.0 s
51.8 65.1 66.9 69.2 74.4
:.t
15.5 9.6 17.0 28.4 36.4 :
32.9 50.0 23.4 24.0 26.7 .
3.0 1.6 1.5 2.0 1.8 '
24.2 32.3 28.2 30.2 33.0 
17.3 36.1 37.3 38.5 48.6 
5.5 2.9 18.3 39.8 49.3 .X
84.7 85.4 37.1 39.0 39.0 3
0~.1 - 0.8 -0 .4 - 0 .3 0.0 -io.1 -o.8 -0.4 -0.3 0.0










LIQUOR SOLIDS CONTENT PROFILE DURING
FINAL PHASE OF EXPERIMENT 1












































































































Values of the overall heat transfer coefficient and the segment coef-
ficients are given in Table VI. The overall heat transfer resistance, U -1 is
-o
plotted vs. time in Fig. 7. It is evident that very severe scaling was encountered.
The scaling rate d/dt (1/U ) reaches a value of about 0.001 ft2 °F/Btu which is
more than 150 times as fast as the scaling rate in the first part of the experiment.
The overall coefficient is cut in half from a value of 322 to 161 Btu/hr ft2 OF in
about seven hours. Obviously scale formation is much more intensive in these last





























6 - - _ _ _ -
hr (O = 41.25
8 10
hr into run)



























I I I - I I I
Figure 7.
1ii Members of The Institute of Paper Chemistry Page 49
Project 3234 Report Two
[^ [] r ~ The extreme rapidity of the scaling process when the critical conditions
ii for scale formation are exceeded is made evident by considering conditions in each
· ~of the five segments. Plots of 1/U. vs. time for each segment are shown in Fig. 8.
The onset of rapid scaling is quite abrupt. It begins at the top of the evaporator
(Segment 5) and gradually works down. In Segment 5, the heat transfer resistance
increases from 0.00365 to 0.0125 hr ft2 °F/Btu in the relative time period of
7.5 hr to 9 hr. This is an increase by a factor of three in an hour and a half.
The final resistance is nine times that which existed before rapid scaling began.
Segments 4 and 3 also show very sudden increases in heat transfer resistance,
although these are delayed in time. These data definitely show that once certain
conditions are reached in the evaporator, soluble scale can form very rapidly.
The rate of scaling, in the regions of the evaporator where scale is forming, is
' much more rapid than would be inferred from the decrease in the overall heat trans-
fer coefficient.
The particular behavior shown in Fig. 8 is a consequence of the method
of operating the evaporator during this experiment. The system was operated to
try to maintain a constant heat transfer rate, and the steam pressure was increased
when necessary to maintain the same overall heat transfer rate. Then, when rapid
scaling developed in the top segment, the heat transfer resistance went up rapidly,
and little heat was transferred in this segment. Thus, when the steam temperature
was raised to maintain the total heat transfer rate constant, a greater fraction
of this heat was transferred in the bottom four segments, and the region of high
liquor solids shifted lower in the evaporator. Eventually the 4th segment went
critical, and the process repeated itself. The shifting of the region of high
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The main reason for increasing the steam temperature to maintain a
constant heat transfer rate in this run was to try to maintain a constant value
of the liquor side film coefficient so that changes in the overall coefficient
U would only be due to scale. It was recognized that the boiling coefficient
is a function of the temperature difference between the hot surface and the liquor.
If the steam temperature was held constant, the temperature difference between the
hot surface and the liquid would drop off as scale grew. Increasing the steam
temperature could counterbalance this and lead to a constant temperature difference
between the hot surface and the liquor. This approach did not work out very well,
because scale growth was localized rather than uniform over the tube. As scale
grew from the top down, local AT's increased in the bottom of the evaporator and
decreased in the top portion. This caused changes in the heat flux distribution
and flow pattern along the evaporator tube which caused changes in the liquor
film coefficient with position and time. Thus, changes in the segment coefficients
U. with time represent changes in liquor film coefficients as well as scale growth.
This is the reason for the oscillatory behavior of the segment resistances in Fig.
8. The dominant trend is due to scale formation. The fluctuations are due to
changes in the liquor film coefficients in response to changes in steam pressure.
Scale Distribution
The amount of scale present in the evaporator tube at the end of the run
was determined by weighing. The tube was sectioned to permit determination of the
distribution along the tube. The data are summarized in Table XI and shown in
Fig. 9. The distribution of scale found correlates well with the measures of
scaling rate found from the segment coefficients. If the liquor film coefficient
did not vary, the amount of scale present is just 1/TT.(t) - I/TT.(O) where t = 0
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The ratio of the resistance ir
nearly constant for Segments 2, 3, and I
5 because of the variability in the liqi
ment errors at low heat transfer rates.
the second last point (at t = 12.5) was
Segment 1 because almost no scale is foz
coefficient in that segment are due to X
the measured scale distribution supports
coefficients to measure scaling rates.
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1l phase of Experiment 1 can be used to 
i compared with that actually found. This 
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crease to the amount of scale formed is 
4. The ratio is somewhat higher in Segment s
ior film coefficient and inherent measure- 
A different result would be obtained if
used. No relationship was expected for
-uie there, and changes in tne neat transfer
variables other than scale formation. Thus,
; the use of inverse segment heat transfer
Scale Composition
The composition of the scale is summarized in Table XIII. The scale is
essentially a soluble sulfate-carbonate scale. The deposit is significantly
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This suggests that under the conditions existing in the evaporator, the scale
forms by simultaneous precipitation of sodium carbonate and Burkeite. This is
not in complete agreement with equilibrium solubility behavior.
TABLE XIII
X-"|| :COMPOSITION OF SCALE FROM EXPERIMENT 1
"|| Croa a a3(Data s wt.% of scale)
;:i~, Carbonate as Na2CO3 50.2
a..s. Sulfate as Na 2 SO 4 39.4
:(X ~Calcium 0.35
Barium 0.18!.
w.~% |sSilica as Si0 2 0.077
~^-y ~Manganese 0.012
J~.·u^§^~ ~Iron 0.009
.... ~ Magnesium 0.017
Aluminum 0.018
|||at~~ ' ~Fiber 0.18
The fact that a soluble sulfate-carbonate scale was formed suggests
:that there ought to be a relationship between the scaling conditions and the
solubility limits of Na2CO3 and Na2S04 in black liquor. The most direct way to
find such a relationship is to examine the conditions just prior to and after
the onset of rapid scaling in the segments. These are tabulated in Table XIV.
It can be seen that in all cases the solids content of the liquor entering the
segment reaches the saturation solids content just before rapid scaling begins.
Thus, rapid scaling appears to be associated with supersaturation of the liquor
throughout the segment. It should be noted that concentration of the liquor to
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scaling. Thus, the formation of soluble scale does exhibit a critical solids
type of behavior which is very closely tied to the saturation concentration of
Na2CO 3 and Na2SO4 in the liquor.
TABLE XIV
CONDITIONS AT ONSET OF
Before Onset











A quantitative relationship between the rate of scaling and the satura-
tion concentration can be found by using the concept of potential scale. Poten-
tial scale can be defined as the difference between the amount of scale-forming
substance entering the evaporator and that which can leave as a saturated solu-
tion at the discharge conditions. This can be expressed quantitatively as follows.
Potential Scale = PS = W. S. C. - W S C *














= liquor flow into evaporator, lb/hr
= liquor flow out of evaporator (or segment), lb/hr
= solids content of inlet liquor, lb solids/lb liquor
= solids content of liquor out of evaporator (or segment), lb/lb
= concentration of scaling substance, lb/lb solids
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Neglecting the amounts of substance being deposited (compared with the throughput
rate), conservation of solids gives
1ct~ - W. S. W S. (,)in in o 0
The saturation concentration can be expressed on a water basis by setting
(1 - S)IX C = C s (5)o S o
where C ** = saturation concentration, lb/lb water. Thus
F (- s( ) -  
'o PS . . . - (6)in in in S o 
Equation (6) was used to calculate the potential scale in each evaporator segment
during the final phase of Experiment 1. The value of C. is 0.202 lb (Na2CO 3 +
Na2 S04)/lb solids and the value chosen for C ** was 0.193 lb (Na2C04 + Na2S04)/lb
H20 which corresponds to a saturation solids content of 48.8% for this liquor.
These data are given in Table XV. Negative values of potential scale indicate
the capability to dissolve that amount of scale. All values are in lb/hr, thus,
potential scale is a measure of the possible scaling rate.
o'r
X~$. ~ It is evident that positive values of potential scale existed even when
*-, a particular segment did not show evidence of rapid scaling. The onset of rapid
scaling seems to correlate with a positive value of potential scale in the preceding
segment. The sensitivity of potential scale to changes in liquor solids content
and the relatively large magnitude of the potential scale explain why there is a
critical condition for the onset of rapid scaling.
The values of potential scale can be integrated over those times when
a positive value existed. This provides an estimate of the maximum amount of
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i that only a relatively small fraction of :
.s is not too surprising. The degree of g
,rce for scale, and there is also a mass 
ting. As the residence time of supersatur- :.'
)uld be expected that a smaller fraction of :.i
his is in agreement with the findings above, -
om the bottom of the evaporator to the top. 
BLE XV
LE PROFILE DURING "':
OF EXPERIMENT 1 
;ion solids = 48.8%) .:
PS 3, PS 4, PS 5,
ir lb/hr lb/hr 'lb/hr 
50 -4.20 -1.52 0.69
?9 -4.28 -1.22 1.38
37 -3.94 -1.15 1.31 
79 -3.41 -0.56 1.79 
72 -3.36 -0.60 1.68 
38 -2.78 0.03 2.60 
?9 -0.34 2.07 2.89 
?3 0.04 1.92 2.40 
92 1.91 2.95 3.41
?3 1.04 2.15 2.91
)3 2.73 3.65 4.12
21 1.37 2.39 3.07
33 2.27 3.06 3.74 
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TABLE XVI
INTEGRATED POTENTIAL SCALE VS. AMOUNT OF SCALE FOU1
Segments


























This experiment showed that a soluble Na2CO3-Na2SO4 scale could form
during evaporation of black liquor. The formation of this scale is very closely
tied to the saturation concentration of Na2CO 3 and Na2S04 in the liquor. Liquors
could be concentrated very close to the saturation limit without significant
amounts of scale formed. Once the saturation concentration was exceeded, scales
could form at a very rapid rate. The saturation solids content of the liquor
could only be exceeded by about 1 or 2% before very severe scaling set in. This
type of scaling process appears to be governed by solubility considerations in
the bulk liquor, rather than by conditions (such as temperature gradients) at the
wall. The existence of a critical solids content for sudden onset of extremely
severe scaling is readily explained by the potential scale concept and the sensi-
tivity of potential scale to the solids content in the evaporator.
Experiment 2
This experiment was carried out with a softwood liquor from a mill which
was experiencing soluble scale problems. At the time that the liquor was obtained
the evaporator set was being boiled out every five days. A total of 4000 gallons
of liquor at about 27% solids was obtained for use in the soluble scale study.
' 'his liquor was taken from the feed line to the second-effect evaporator, The com-
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Na2C03 12.5%
Na 2 S04 .S 
Residual Active Alkali (as Na2z) 4.8%
Total Sodium 20.5%
Saturation Solids Content 46.7%
Description of Run
The conditions used in this experiment were designed to simulate the
actual operating conditions in the second effect of the mill's evaporator set.
A major objective was to determine if deposits would form under controlled con-
ditions at liquor solids contents well below the saturation solids content for
Na2CO 3-Na2SO4 precipitation. A secondary objective was to concentrate the liquor


















All of the liquor (4000 gallons) was evaporated on a once-through basis.
The condensed vapor was sewered and the concentrated liquor stored in one of the
large storage tanks. The total time of the run was 67 hours. Evaporator operating
conditions used during the experiment are summarized below.
Pressure in vapor head = 3.5 psig
Steam pressure = 17 psig
Overall AT = 24-25°F
Subcooling AT = 27°F
Flow rate = 1 gal/min
Inlet solids = 26.7%
Discharge solids = 33.2%
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Data
Data from Experiment 2 are presented in Table XVII. This is the same
:i' type of data that were given in Table VI in Experiment 1 and which was described
at that time.
Examination of the tube after the run showed a light brown deposit which
was very thin. The total weight of deposit found was 10 g (out of a total weight
of tube plus deposit of 14,650 g). Separate tests have shown that tubes can be
weighed to within 3 g. Thus, the small amount of deposit does appear to be real.
The top 6 inches of the tube was cut off and bisected. Most of the deposit
could be removed with water and is apparently dried liquor solids. In certain
areas there were ring shaped, donutlike deposits. These are believed to form
around specific boiling nucleation sites. After water washing the cut section,
a very thin deposit remained. Energy dispersive x-ray.analysis indicated this
to be rich in calcium.
It seems clear that a soluble Na2CO3-Na 2SO4 scale did not form during
this experiment. Likewise there is no evidence for an organic deposit. There
was some slight degradation in the heat transfer performance during the run.
The scaling rate, based on the overall coefficient, was 3.2 x 10- 6 ft2 °F/Btu or
about 1/2 the value found during the first part of Experiment 1. This is a very
low rate of scaling. As in Experiment 1, most of the loss in performance appears
to be in Segment 1, the subcooled zone. The same phenomenon seems to be occurring.
Something interferes with subcooled nucleate boiling, and the coefficient drops
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Summary
The main conclusions derived from Experiment 2 are that soluble scale
does not form at solids levels well below the saturation solids value and that
the liquor used in this experiment (and subsequent ones) is not-prone to other
types of scale (at least not at lower solids levels).
Experiment 3
Description of Run
This experiment was designed to obtain data on soluble scale formation
with a softwood liquor and to relate the scaling behavior to the solubility of
Na2CO 3 and Na2SO4 in the liquor. The run was a sequel to Experiment 2, and oper-
ating conditions were chosen which were similar to those encountered in the first
effect of the mill's evaporator.. These are summarized below:
















There was one significant difference in operating procedure in this
experiment compared to Experiment 1. The steam temperature was held fixed and
the heat transfer rate allowed to fall as the evaporator scaled. This is in
direct contrast to the procedure used in Experiment 1 in which the steam pressure
was raised to maintain a constant heat transfer rate as the evaporator scaled.
The evaporator was evaporated in a once-through manner for the first
25 hours. The feed concentration remained at about 34% solids and the discharge
C solids at about 45% during this period. Fresh liquor was continuously supplied
to the evaporator. Neither the concentrated liquor nor the condensate was re-
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to the concentrating mode to increase the feed solids level. In this mode concen-
trated liquor, but not condensed vapor, is returned to the feed tank. After 29
hours, the system was switched to the full recirculation mode, with both concen-
trated liquor and condensate returned to the feed tank to maintain a constant feed
solids level. After 32 hours, the system was again switched to the concentrating
mode and continued that way to the end of the run.
Data
Data on evaporator operating conditions and thermal performance are
tabulated in Table XVIII. Data on the amount of scale formed, scale distribution
and scale composition are given in Table XIX.
Heat Transfer Analysis
The overall resistance to heat transfer expressed as the inverse of the
overall heat transfer coefficient for the entire tube is shown as a function of
time in Fig. 10. It is evident that scaling is relatively mild during the first
25 hours when the evaporator was operated in a once-through mode. There are some
indications of an increase in resistance during the first 6 hours and from 15 to
19 hours. These may or may not be due to scale formation. The total increase in
resistance is from 0.215 to 0.24 x 10-2 ft2 hr °F/Btu in the first 25 hours corre-
spending to a drop in the heat transfer coefficient from 465 to 417 Btu/hr ft2 °F.
The heat transfer resistance increased more rapidly after the concentrating mode
of operation had begun. This is not entirely'due to scaling, since the overall
solids level within the evaporator is increased and the associated higher liquor
viscosities would also be expected to decrease the heat transfer coefficient.
The most rapid scaling took place during the final 1.5 hours of the run. If the
overall heat transfer resistance is used as a measure of the amount of scale
present, it is seen that almost 2/3 of the scale is formed in the last 1.5 hours.
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Silica (as Si0 2)
LBLE XIX















The interpretation of changes in the overall heat transfer coefficient
is facilitated by examination of the behavior of the segment coefficients. Plots
of relevant segment heat transfer resistances -s. time are given in Fig. 11. The
extremely rapid increase in heat transfer resistance when "critical" conditions
are reached near the end of the run are clearly evident. With the exception of
Segments 1 and 5, the segment resistances change very little until the last stages
of the run.
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f^. ~ It is very unlikely that the resistance increase in the first (bottom) 0 '
segment is due to scaling. Tne total amount of deposit found in this segment
was only 14 grams, most of which is probably dried liquor solids from the thin
film of liquor which remains on the tube surface when the evaporator is drained.
The gradual increase in the resistance of the first segment appears to begin
about 12 hr after the start of the run, while once-through operation is being
maintained. There is a definite increase in Segment 1 resistance before switching 
to the concentrating mode and increasing the solids feed to the evaporator. The 
exact reasons for this behavior are not known. The resistance does increase more 
rapidly after operation was switched to the concentrating mode. This is most 
likely due to the increased viscosity associated with the higher feed solids.
There are a number of discontinuous increases in the Segment 5 resis-
tance as well as the rapid rise near the end of the run. These may be indicative '
of "bursts" of scale forming in the time interval between data taken. They could
also be caused by partially plugged orifices or "sticking" manometers resulting
in an erroneous value of the heat transfer rate in this segment.
It appears that the increase in the overall resistance in the first
six hours is due to a significant increase in resistance in the top segment.
This would be due to scaling. The increase in the overall resistance during the
period from 15 hours until the start of the concentrating mode of operation seems
to be definitely associated with the increased resistance in Segment 1, and so is
not due to carbonate-sulfate scaling. After the concentrating mode is initiated,
the main factor responsible for increasing overall resistances is scaling,
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It is of interest to compare these data on scale formation with data on
local solids contents of the liquor. Data showing the liquor solids content at
different locations along the evaporator tube as a function of time are given in
Table XX. The value for S. is the experimentally measured value for the feed
-in
solids. The value for Ss (the solids content of the liquor leaving the evaporator
tube) was taken to be the measured discharge solids plus a correction for conden-
sation in the vapor head. The correction was plus 1.6% for the first 30 hours
and plus 2.2% after 30 hours. Values for the solids contents S1i - S4 leaving
each of the evaporator segments were calculated from the measured heat transfer
distributions as discussed previously.
Potential Scale
The degree of saturation reached (and the potential scaling rate) is
dependent on both the local solids content and the composition of the black
liquor. Data showing the composition of the liquor at various times during the
run are given in Table XXI. The data on carbonate, sulfate and total sodium
are expressed as wt.% of the compound on the solids. Values of the saturation
solids content are taken from the general correlation given in Fig. 1 and 2.
Direct measurements of solubility limits were also made which suggest that the
actual saturation concentrations (carbonate + sulfate to water ratios) with this
liquor were only 85-90% of those predicted by the curves. However, material
balances over these solubility determinations did not close very well. so the
data are somewhat suspect. The values for saturation solids given in Table XXI
are believed to be at least as reliable and represent an upper bound to the critical
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TABLE XXI
Hi · e%** COMPOSITION OF FEED LIQUOR DURING EXPERIMENT 3
Total
~· > @Time, Solids, Na 2CO 3, Na 2SO 4, Sodium, Saturation
· ,< hr % % % % Solids, %
". t3 33.9 12.5 7.3 20.4 46.7
ofj -15 33.8 12.0 7.4 20.8 46.3
,i A d34 38.3 11.2 7.6 20.7 46.5
36.5 40.8 11.4 7.2 20.4 47.1
^7 37.5 41.4 11.9 7.0 20.0 47.6
a ~ 37.5 a 50.5 10.8 6.0 19.4 49.2
:' a Sample of discharge liquor.
Values of the potential scale at the ends of each segment are given
in Table XXII as a function of time. These are based on a constant saturation
solids content of 46.7%. It is seen that supersaturated conditions exist in the
fifth (top) segment throughout the run. There is a high value of potential scale
indicated at 2 hr and this could be associated with scale growth in the top seg-
J4 ment during the first part of the run. It should be noted, however, that there
is no indication of an increase in potential scale between 5 and 6 hours when a
marked drop in the segment coefficient for the 5th segment occurred. In general,
the potential scale is fairly mild during the first 30 hours of the run, and there
is relatively little scaling indicated during this period. The state of the
evaporator during this time period could be characterized as approaching or
slightly exceeding saturation at the top of the tube. Under these conditions,
sulfate-carbonate scale forms only very slowly and there is little degradation
in evaporator performance.
A-
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POTENTIAL SCALE DURIUNG EX~PERIMENT 3
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Much higher values of potential scale are obtained when the inlet solids
approaches and exceeds 40%. Positive values of potential scale are reached in
Segments 3, 4, and 5, and all of these were found to have significant amounts of
scale. In addition, the amount of scale found does relate to the duration and
i ' magnitude of positive potential scale values. Thus, these data support the concept
that sulfate-carbonate scales form because of precipitation from a supersaturated
solution, and that bulk solubility considerations (rather than local concentrations
at the hot surface) are the controlling factor.
~. 
IV; ~It is of interest to note that the phenomenon of extremely rapid scale
growth, found in Experiment 1, did not occur in Experiment 3 even though rela-
tively high values of potential scale were present, until the steam pressure was
raised from 35 to 40 psig for the final hour of the run. This is due to the
difference in operating procedures in these two runs. In this experinent (3),
the steam pressure (hence, thermal driving force) was held constant and the heat
oS transfer rate allowed to decrease as scaling proceeded. Under these conditions,
t.A ,|| less heat is transferred where scales are present, less concentration then occurs
in this zone, and the system tends to become self-limiting as far as scale growth
is concerned. In Experiment 1, the driving force was increased to maintain heat
transfer rates constant as scaling proceeded. In this mode of operation, there is
no self-limiting tendency.
It appears as if two factors are needed to get rapid scale growth.
First, the critical solids content must be exceeded by some minimum amount.
Second, significant concentration of the liquor must be occurring while in this
supersaturated region. It should be noted that the potential scale value itself
is dependent only on local state of the liquor (composition and solids content)
: :
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and not on heating rates. The data in Experiments 1 and 3 suggest that a combina-
6
tion of high potential scale and high heating rates leads to very rapid scaling. 
The difference in behavior between Experiment 3 and Experiment 1 suggests
that evaporator operating procedures and control methods can affect the serious-
ness of soluble carbonate-sulfate scaling problems. It appears to be very unde-
sirable to force an evaporator to maintain a given exit solids content by increasing
steam pressure if the target solids is above the critical solids content. It would
seem to be much more desirable to allow the solids content to fall so as to accom-
modate itself to the scale growth.
Summary
This experiment reinforced the conclusions drawn from Experiment 1.
Soluble Na2C0 3-Na2S04 scales can and will form during evaporation of black liquor 
when the solubility limits of Na2CO3 and Na2S04 in the bulk liquor are exceeded.
There is a critical solids content for scale formation which is closely linked
to the saturation concentration for the liquor. Bulk liquor conditions rather
than wall conditions are controlling. Scales can form very rapidly if the
saturation solids content is exceeded by a few percent, particularly if a high
heat transfer rate is maintained in the supersaturated region. The results seem
to indicate that it is undesirable to try to force an LTV evaporator to maintain
a discharge solids in excess of the critical solids content of the liquor.
Experiment 4
The main purpose of this experiment was to see if the addition of
caustic to the liquor so as to give a liquor with a very high residual active
alkali could prevent, or significantly delay the onset of soluble carbonate-
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portion of liquor from Experiment 2. (This is the softwood liquor concentrated
to about 34% solids.) To this was added 75 lb of NaOH (as a 3h% solution). This
raised the residual active alkali content of the liquor to 8.3% on the solids
(as Na2 O). This is equivalent to a RAA content of 14.3 gpl as Na20O in a 16%
solids liquor.
a ;% Description of Run
The experiment was carried out in two distinct stages, the first with
operating conditions similar to those used in Experiment 3 and the second at a
much higher total flow rate. The system was operated in the concentrating mode
from the beginning of the run so as to increase the feed solids content and
[<l generally raise the solids level in the evaporator. After eight hours of opera-
:^: tion which brought the discharge solids level over the critical solids level,
the system was switched to the full recirculation mode to maintain a constant
feed solids level. This was continued for another two hours which served to
complete the first part of the run. At this time the flow rate of liquor
Hit through the system was increased by about a factor of three. The magnitude of
this change was great enough to cause some problems in running the system and
it took about three hours to stabilize operation. Additional changes in
operating variables were made over the next three hours so it was not until
16 hours after startup before the final operating conditions were attained. The
system was switched back to the concentrating mode at the beginning of the high
flow rate portion of the run. This was maintained until 19.5 hours after start-up,
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(because of the increased concentration of the sodium common-ion in the liquor
and the evaporator scaled at a slightly lower solids content.
TABLE XXIV
LIQUOR AND SCALE COMPOSITION IN EXPERIMENT 4
Total
Na2C0 3, Na 2SO4, RAA Sodium,
% . % (as Na20), % %
11.3 7.1 8.3 21.0
10.9 7.2 8.5 21.7
11.1 7.3 8.4 21.8
11.15 7.3 8.2 22.3
10.9 7.2 8.2 21.3














Total amount of scale formed: 1592 g
Sample of discharge liquor; all others inlet liquors. I
Analysis of High Velocity Part of Run 
The heat transfer data are more complicated to interpret in the high :,." '
velocity part of the run because the heat transfer distribution along the tube '
is changed markedly. A much greater fraction of the evaporator is used to supply -;
the sensible heat load. From 13 hours to 21 hours (until the subcooling was cut 3'-j
to about 10°F) the first two segments were used solely to supply sensible heat, 
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in the third segment is quite variable since it is so close to the transition
zone from subcooled to bulk boiling. The marked drop in the heat transfer co-
efficient in the third segment during the last hour of the run is due to rapid
scale formation. The top two segments (4 and 5) are sufficiently far removed
from the transition zone so that the decline in heat transfer coefficient is
indicative of scale growth. Heat transfer resistances (inverse coefficients)
for these latter two segments are plotted vs. time in Fig. 13 for this high
velocity part of the run. The onset of scaling is rather clearly defined, with
the rate increasing with time and becoming very rapid in the final hour or so
of the run.
One characteristic of operation at high velocity is that there is
relatively little concentration change along the evaporator. The solids tend
to increase only slightly along the tube so that scale growth tends to take
place more uniformly along the tube. During the first few hours of operation
at high velocity the entire tube is below the saturation solids content of the
liquor and one would expect that some of the scale which formed during the low
velocity part of the experiment was redissolved. At the end of the run, the
feed liquor is approaching the saturation solids content and practically the
entire tube is in a scaling region.
The relationship between carbonate-sulfate solubility limits and the
scaling rate can be shown by taking the slopes of the curves in Fig. 12 and 13
at various times and plotting them vs. the solids content of the liquor leaving
that segment at that time. This is equivalent to plotting d/dt (1/U.), defined
previously as the scaling rate based on heat transfer, vs. solids content. Such
a plot is shown in Fig. 14. The data break into two distinct groups for the low
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Figure 13. Inverse Segment Coefficients for the High
Velocity Portion of Experiment 14
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solids contents for the high flow portion is as would be expected from the poten- 4
tial scale concept, since potential scale is directly proportional to feed rate
[see Equation (6)]. These data show a very rapid increase in scaling rate for a
small increase in solids content above the critical value. Thus, there is, in
fact, a definite operational limit for this kind of an evaporator (a "critical"
solids) beyond which rapid scaling sets in. This limit is obviously very closely
related to the saturation solids content determined from the solubility curves
(45.7% solids in this case).
Summary
The addition of caustic to black liquor to increase the residual active
alkali content of the liquor to over 8% on the solids (over 14 gpl in weak liquor)
as Na20 did not have any beneficial effect on preventing or retarding scaling once
the critical solids content of the liquor was reached. The effect of caustic
addition was exactly as would be predicted from solubility considerations alone;
i.e., caustic addition decreases the solubility of Na2CO3 and Na2SO 4 in black
liquor. The results of this experiment are in complete agreement with the preceding
experiments and lend additional support to the concept of soluble scale growth being
governed almost completely by bulk solubility considerations.
Experiment 5
This experiment was concerned with the effect of fiber in the liquor
on scale formation. The main objective was to determine if fiber caused scales
to form when the bulk liquor concentration was significantly less than the satura-
tion concentration.
Description of Run
The liquor used in this experiment was a fresh portion of the softwood
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pounds of an unbleached softwood kraft pulp were added to 450 gallons of liquor.
iS : This is equivalent to a fiber content of about 0.2% on the liquor solids, or about
3 lb/1000 gal of weak liquor. The fibers were dispersed in water and added to the
liquor in the heated, stirred feed tank. Because of a leaky steam valve on the
steam supply to the feed tank, the liquor was heated to 75°C and concentrated
in the feed tank to 39.6% solids in the few days before the run was carried out.
Thus, the liquor concentration at the start of the run was close to 40% solids.
^§|-c ~ Operating variables for this run were chosen to approximate those used
|"' in Experiment 3 (which was carried out with the same liquor without the fiber
^s'* added). Steam pressure and head pressure are both slightly lower in Experiment 5
(33.5 and 10 psig vs. 35 and 12 psig) than in Experiment 3. The subcooling was
also slightly less (16-18°F compared to 20-22°F). The system was started in the
: concentrating mode, switched to the recirculating mode after 3 hours and switched
back to the concentrating mode at 7 hours. The steam pressure was held constant
''?S.
so that the heat transfer rate decreased as scaling proceeded.
Data
:'.-'. S Data on operating conditions and thermal performance for this experiment
are given in Table XXVI. The solids profile along the evaporator tube is sumnmar-
ized in Table XXVII. Data on liquor and scale composition and scale distribution
are given in Table XXVIII. The presence of the fiber in the liquor caused some
problems in' .iquor analy:.s. In particular, the values for the total sodium appear
to be high. Thus, it appears better to take the value for the saturation solids
of 46.7% as indicated in Experiment 3 rather than the average value of 45.5% based





















































































































































































































































































































































































































































































































































































































































































































































































LIQUOR COMPOSITION AND SCALE COMPOSITION AND

























Segment 1 0 g
Segment 2 31 g
Segment 3 50 g
Segment 4 331 g
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Analysis of Data 
Because of the high feed solids at the beginning of the run, conditions
at the top of the evaporator were beyond the saturation solids content from the
start of the run. Scaling began immediately in this experiment. Values of the
thermal resistances are plotted vs. time in Fig. 15. It is clear that rapid
scaling conditions are indicated for Segments 4 and 5 from the start. There
is a good deal of scatter in the high resistance data because the heat transfer
rates are very small and the manometer readings (from which the segment heat
transfer rates are calculated) are very small. Thus, errors in reading the
meniscus or caused by the meniscus sticking on dirt or by air bubbles in the
lines are greatly magnified. The indicated high scaling rates for the top two
segments are verified by the measured scale distribution.
Relatively little scale was found in the third segment, which suggests
that conditions in this segment are just below the critical value. With this
particular liquor, it appears that rapid scaling does not set in until solids











The experience with this liquor with fiber present may be compared with
that in Experiment 3 when the fiber was absent. It appears that rapid scaling
set in at about 49.5 to 50% solids in Experiment 3 and at about 48.5 to 49%
solids in this run. This difference is relatively small and may not be significant.
In any event, there is no evidence that the presence of fibers causes
carbonate-sulfate scales to set in when the bulk liquor solids content is below
the saturation solids content of the liquor. Bulk solubility considerations
still control the onset and growth of soluble sulfate-carbonate scales. The 
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in appearance than the previous deposits, and many fibers could be seen. Analysis B
of the scale composition showed fibers to be 7 times higher in the deposit than 
in the liquor itself. It is very likely that fibers do cause a more rapid scale 
growth once the critical solids content is exceeded, although that is not unequiv- 
ocably shown by these results. It is significant that very little or no scale ',
was found in the first three segments. This is clear evidence that the saturation '4"
limit can be approached quite closely without scaling, even when fibers are present. ';.
An interesting feature of this run was that the solids content leaving 
the evaporator tube approached a constant value even though the feed solids in-
creased gradually during the run. This shows the'self-limiting nature of the t
scale growth when the steam temperature is held fixed. As less heat is trans-
ferred in a given segment, the rate of scale growth in that segment also decrease ̂  '
If an attempt is made to increase the heat transfer rate under these circumstances,
rapid scaling sets in.
Summary
This experiment showed that the presence of a relatively large amount
of fiber in the liquor did not cause scaling to set in at solids contents apprec-
iably below the saturation solids content of the liquor. As in all of the other
experiments, the solubility of carbonate and sulfate in the bulk liquor controlled
scale growth. The fiber was preferentially incorporated into the scale and did
affect scale morphology markedly. There are some indications that the presence
of fiber did cause a more rapid scale growth once the critical conditions were
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ExDeriment 6
This experiment was carried out to see if scale-free operation could
7 ME
be continued with discharge solids levels well beyond the saturation value simply
by maintaining high liquor velocities through the tube. The main objective was
to see if evaporator operating variables had any effect on scaling other than
their effect on the solids level at various positions along the evaporator tube.
Description of Run
:^-*3; ~ The liquor used in this run was a fresh batch of the softwood liquor
concentrated to about 34% solids in Experiment 2. The system was operated in
*:^- a concentrating mode for the full duration of the run. The feed rate was main-
*, ' tained at about 2 gal/min during the run. This is about 3 times the flow rate
used in most of the previous runs and corresponds to an all-liquor velocity of
about 12 ft/min. This was about the maximum flow rate which could be handled
without a major change in the system. In order to avoid the very poor heat
transfer rates in an extended subcooled region such as was found to occur in
4,! the high flow rate portion of Experiment 4, the subcooling was held at zero by
*?~ |~ ' bringing in the feed liquor at the same temperature as the boiling liquor in the
-:a [; vapor head.
Data
Data on the operating conditions and the thermal performance of the
evaporator are summarized in Table XXIX. Data on liquor and scale composition
are presented in Table XXX. The solids profile along the tube as a function of
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EXPERIMENT 6
































The overall coefficient is not a very useful measure of scaling in
this experiment because it is extremely sensitive to the sensible heat load at
*, 
any given time. The very strong impact of small changes in inlet subcooling is
very evident in examining the heat transfer coefficient for Segment 1. This
varies by almost a factor of three for changes in subcooling from about +2°F to
-2°F. This change in the coefficient for Segment 1 is a direct reflection of
changes in the heat transfer rate in this segment. Heat transfer is very poor
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TABLE XXXI
SOLIDS PROFILE IN EXPERIMENT 6









































































sets in at a rather
.ndicators of scale formation are the coefficients for the
Values of the thermal resistance for these segments (in-
are plotted vs. time in Fig. 16. It is clear that scaling
discrete time for each segment and occurs at a rapid rate
thereafter. The run was terminated shortly after the onset of rapid scaling.
This is the reason that only a relatively small amount of scale (266 g) was
found. The onset of rapid scaling appears to occur when the solids content
reaches 47-48%. Although this is slightly higher than the indicated saturation
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scaling set in in the previous experiment (Experiment 5). Since the only dif- 
ference between the two liquors is the fiber added in Experiment 5, it is clear
that the same solubility limit is involved.
Summary
The results of this experiment were comparable to those found in pre-
vious runs. Scaling set in rather sharply when a critical solids content (deter-
mined by the solubility of carbonate and sulfate in the liquor) was exceeded
and grew rapidly as solids were increased beyond the critical value. This was
not changed by increasing the flow rate by a factor of three and eliminating the
subcooled zone. Scaling still set in at essentially the same liquor solids
content. It appears unlikely that soluble scale growth can be prevented by any
combination of operating variables if the saturation solids content of the liquor
is exceeded by more than one or two percent.
SUMMARY OF EXPERIMENTAL RESULTS
The formation of soluble sulfate-carbonate scales is controlled by bulk
solubility considerations. Scaling sets in at a rather sharply defined "critical"
solids content of the liquor, and rapid growth occurs when this "critical"
solids content is exceeded by as little as a percent or so. The "critical"
solids content for the onset of carbonate-sulfate scale formation is directly
related to the solubility limits of Na2CO 3 and Na2SO4 in the liquor. The
solubility curves for Na2CO3 and Na 2SO4 in black liquor presented in Fig. 1
and 2 of this report provide a reliable estimate of the solids content at which
scaling can be expected. Scaling is governed by bulk liquor conditions rather
than by local conditions at the hot surface.
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The concept of potential scale is useful in estimating the severity
X. !of a given operating condition. Potential scale is the difference between the
'X- amount of scale-forming substances entering the evaporator and that which could
. |. leave as a saturated solution at the discharge conditions. Negative values
indicate that the discharge concentration is below saturation and so scale forma-
tion would not be expected. Positive values of potential scale indicate the
likelihood of scale formation. The rate of scale deposition would be expected
X i to increase as the potential scale increased. The results of these experiments
X* -indicate that from 5 to 20% of the potential scale is deposited on the tube walls.
.The fraction of the potential scale which actually forms appears to be related
. to the residence time in the tube and hence on local longitudinal velocities.
There was no indication in any of the experiments that it was possible
to operate in a supersaturated mode without scaling. The small differences be-
tween the saturation solids content of the liquor found from solubility consider-
*j ~ations and the solids content at which scaling began is less than the uncertainty
in the solubility limits and in the local solids contents. If it is possible to
operate in a supersaturated mode at all, without scaling, it is only for rela-
tively low degrees of supersaturation which would exceed the saturation solids
content by no more than a percent or so.
The effect of evaporator operating variables on scale formation can
be explained by their effect on the local solids contents within the evaporator.
There was no indication that carbonate-sulfate scales could be controlled by
any combination of operating variables alone if the solids content of the liquor
was beyond the saturation value. At best, it appears that scaling rates might.R ~be reduced somewhat by minimizing residence times in the evaporator once the
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*e^Q~ ~The overall heat transfer rate in these types of evaporators (LTV's) is
strongly dependent on the fraction of the tube surface needed to supply the sensi-
-'; ble heat load (the subcooled length). Heat transfer rates are much lower in the
X4 subcooled zone than in the net boiling zone. In almost every experiment carried
out, initial heat transfer rates in the subcooled zone were relatively high and
.-% '"then proceeded to drop off with time. This decay in heat transfer in the subcooled
i'^: u'zone was not due to scaling in the usual sense since negligible amounts of scale
?-A were found in that area. The initial high values of the subcooled heat transfer
=:~ are believed to be due to subcooled boiling. This is nucleate boiling at the hot
:.- surface where the boiling point of the liquor is exceeded followed by rapid collapse
-^" of the vapor bubbles as they move into the cooler bulk liquor. The decay in the
heat transfer rate is apparently due to the gradual suppression of subcooled boil-
ing and a greater reliance on convection. The reasons for this are not clear at
~this point. Whatever the reason, this decline in heat transfer rate in the sub-
cooled zone affects the overall heat transfer coefficient just as if the evaporator
is scaling, even if it has little or nothing to do with deposits forming.
APPLICABILITY TO COMMERCIAL EVAPORATORS
.. ;. j The main difference between the experimental system used in this study
and commercial LTV evaporators is that this system used a single tube while com-
mercial evaporators have many tubes in parallel. This is not a negligible differ-
ence. The flow within the tubes is governed by different conditions in the two
cases.
The single-tube evaporator is essentially a constant flow system.
Liquor is pumped into the evaporator tube at a constant, predetermined rate
^T ~which is essentially independent of the processes occurring within the evapo-
rator. A single tube in a commercial LTV evaporator, on the other hand, sees
^ M
I
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a constant pressure drop environment. The flow through that tube is dependent 
on the flow resistance of that tube and the boiling processes within it. It is 
entirely possible that stationary flow patterns are not realized and that the
flow through the tube is oscillatory. 
In view of these differences between the experimental evaporators and a-
commercial systems, care must be taken in applying the results of this study. 
The basic findings summarized in the preceding section are not in doubt. Scale
formation is governed by bulk solubility considerations and sets in when the bulk 
liquor solids content exceeds the critical solids content of that particular
liquor. The effect of operating variables can be interpreted in terms of their
effect on the bulk solids content. However, these results cannot be applied too X,'
literally. In the commercial evaporator, operating variables could affect the _,
flow through a given tube. The instantaneous flow rate has a strong effect on V
the solids content as shown by the heat balance below. '.
W{ C(LT TLin ) + ° =Q (7)  f P L IO Lin S j S -::.::
where .
V.f = liquor feed rate
C = heat capacity
T~o = temperature of liquor out-Lo
TL.^ = temperature of liquor in
A = heat of vaporization
S = solids content of liquor out '
S. = solids content of liquor in
-in
Q = heat transfer rate& _
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Thus, the consideration of the effect of operating variables on scaling in com-
_...; mercial evaporators must be based on their effect on flow rates and flow stability.
It is likely that the effect of fiber in the liquor is much greater in
.:. commercial evaporators than in the single-tube system. Fiber in the liquor will
affect the rheological properties of the liquor. In addition, the rougher scale
would increase the flow resistance. Thus, if a fiber-bearing scale forms in an
evaporator tube, the greater flow resistance will lead to less flow in that tube
and thus generally higher solids levels. This increases the likelihood of added
scale growth. This process could feed on itself with the ultimate result being
a plugged tube.
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PREVENTION OF CARBONATE-SULFATE SCALE .
The experimental study of soluble scale formation just discussed identi-
fied the factors which control the scale-forming process. These results provide
a rationale for controlling these types of deposits in the field. The task remain-": 
ing is to use this information to develop measures that will control or prevent 
the formation of carbonate-sulfate scales. This subject is discussed in this ' 
section. 
CHANGES IN LIQUOR COMPOSITION
Since the scaling process is controlled by bulk solubility considera-
tions, it is appropriate to examine the factors which control carbonate-sulfate
solubility and see what changes could be made in liquor composition which would
increase the solids content at which saturation is reached. The general solu-
bility behavior of Na2CO 3 and Na2SO 4 is summarized in Fig. 1 and 2 presented
earlier in this report. To a first approximation sulfate and carbonate can be
considered together. The main liquor composition parameters which affect solu-
bility limits are the sum of Na2CO 3 and Na2SO4, and the effective sodium content
of the liquor. The latter is all of the sodium other than that accounted for
by the Na2CO 3 and Na2SO 4 and is calculated as the difference between the total
sodium content and the sodium present as Na2CO 3 and Na2SO4. Increased Na2CO 3 +
:7a2S04 values decrease the saturation solids content of the liquor because the
saturation Na2CO 3 + Na2S04 to water ratio is reached at lower solids contents.
Increased values of effective sodium decrease the critical solids content because
of a common-ion effect. There is an additional dependence of the solubility limit
on the carbonate/sulfate ratio. The solubility limit tends to decrease as the
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The most direct method of increasing the critical solids content of
y'
; the liquor is to reduce the amount of Na2C0 3 and Na2S04. The effect of such a
reduction can be determined from the solubility curves. In the region around
50% solids, a reduction in the Na2C0 3 + Na2SO, content of 1% (e.g., from 20% on
the solids to 19%) will increase the saturation solids content by about 0.9%
(e.g., 48 to 48.9%). Depending on the particular situation this may be very
beneficial. A reduction in sulfate and carbonate load could increase the satura-
tion solids content enough to eliminate the problem. According to the survey,
most mills have a saturation solids content over 50% solids. The average value
X.- was 52.9%. Those few mills which have Na 2C0 3 + Na2 SO4 values above 15% on the
solids would certainly seem to have the capability of making a significant reduc-
·* . *,- tion in carbonate and sulfate content. This would raise the critical solids
,^jj(^ content by a comparable amount.
The main origin of sulfate in black liquor is incomplete reduction in
the recovery furnace. Thus, the sulfate content of the black liquor can be
lowered by increasing the reduction efficiency of the furnace. For example, an
increase from 85 to 90% in reduction efficiency would cut the sulfate load in
*.-, the black liquor to 2/3 of its original value. In addition, sulfate should not
*;· :' be added to weak liquor. This would include spent C102 generator acid, brines
A. t : from S02 scrubbers or other wet scrubbers, and other miscellaneous sources of
sulfate. Neutral sulfite semichemical liquor or other sulfur based semichemical
liquors can be a significant source of sulfate if they are blended with the kraft
weak liquors and evaporated jointly.
Carbonate in black liquor stems mainly from the carbonate in the white
'C liquor and that produced by chemical reactions during the cook. The former can
be lowered by increasing the conversion efficiency in the causticizing operation.
. I
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In addition, miscellaneous sources of Na2C03 should be kept out of weak liquor
if at all possible.
Reducing the amount of carbonate and sulfate in the black liquor can
be an effective means for controlling soluble scale. However, it must be remem-
bered that reducing the carbonate-sulfate load does not eliminate the possibility
of precipitation. It only increases the solids level at which precipitation will
occur. If the solids level in the evaporator exceeds the saturation solids
content, scaling is still likely. If the solids content leaving the evaporator
is below the saturation solids content of the liquor and soluble scale is still
being formed, it indicates internal flow stability problems, and a reduction in














The solubility curves in Fig. 1 and 2 should be used as guidelines
only and not be interpreted as absolute solubility curves valid for all liquors.
They are an average of the solubility behavior of a number of black liquors.
Individual liquors can deviate from these curves. Direct measurement of satura-
tion levels in any particular liquor would be more reliable than the general
curves. Unfortunately, solubility measurements in high solids liquors are quite
difficult to make. Thus, in many cases, Fig. 1 and 2 would be the only informa-
tion available.
Addition of caustic to black liquor increases the effective sodium con-
tent of the liquor and decreases the saturation solids content. It lowers the
solubility of Na2C03 and Na2S04 by increasing the concentration of the sodium
common-ion. This effect of caustic addition has been verified in solubility tests
as well as in the single-tube evaporator studies. Caustic addition, or high














amount of active alkali is needed to prevent lignin precipitation. Apparently,
the liquors used in this study exceeded this minimum, as there was no evidence
of lignin precipitation in any of the runs. Hence, about 5% RAA on the solids
(as Na20) or about 8 gpl in weak liquor seems to be adequate. It remains to be
established if high RAA values above this amount are effective in preventing
other types of scales.
Fiber should be kept out of the liquor to the maximum extent possible.
Fiber does not affect the solubility behavior in the system, and hence, the
solids content at which scaling would be likely to begin. However, fiber does
get incorporated into the scale, increasing its bulk and creating a rougher
surface. This is likely to affect flow distribution in the evaporator and could
enhance tube plugging problems. Fiber filters can be used to prevent fibers from
getting into the evaporators. Problems caused by fibers can be almost totally
eliminated by installing a filter in the weak liquor system upstream of the
evaporators, and their use is strongly recommended. The type of experiments
carried out on this program could not possibly provide guidelines for the safe
level of fiber in black liquor, or the fiber concentration at which trouble
should be expected. These would have to be based on mill experience.
Polymeric additives would not be expected to have much effect on
carbonate-sulfate scaling. Sodium carbonate and sulfate constitute from 10 to
20% of the total liquor solids. The amount of material which could form scale
is so great that complexing agents or protective colloids would not be expected
to be effective unless massive dosages were used. Organic agents which would
absorb on the wall and serve to block attachment of the scale might work; how-
ever we are not aware of any such use for carbonate-sulfate scale prevention.
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In an actual multiple-effect evaporator system, freedom to choose
operating variables is rather limited because of the interlinking of the effects.
Thermal driving forces are basically set by the choice of the number of effects,
steam temperature and condenser temperature. Of these, only the steam temperature
is an effective operational variable. The sensible heat load depends on the weak
liquor temperature, number of effects, liquor flow sequence, and the use of auxil-
iary heaters, internal preheaters and afterheaters. The amount of subcooling of
the liquor entering any given effect is a manipulatable variable. The weak liquor
feed rate to the evaporator is governed by factors external to the evaporators
and is not manipulatable over the long run. The flow of liquor to any particular
effect (or the liquor velocity) can be varied by using multiple-pass arrangements
or by recirculating some of the concentrated liquor. The pressure in the vapor
heads is directly coupled with the thermal driving forces and is not directly
controllable. It is possible to select the pressure and temperature level for
the high solids effect by appropriate choice of the feed sequence.
Overall operational stability of the entire multiple effect system
would be expected to have an effect on carbonate-sulfate scaling, since it could
lead to periods of high solids content which could cause scales to form, Thus,
the evaporator control system is important. In the experiments carried out in
this study, scaling took place most rapidly when the system was forced to maintain
a discharge solids content above the critical value. Scaling was more gradual
and tended to be self-limiting when the steam temperature was held constant and
the heat transfer rate allowed to fall off as scaling proceeded. Another aspect
of evaporator control systems which would have a bearing on scale formation is
whether steady operation can be maintained. Upsets could lead to locally high
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BULK CRYSTALLIZATION
Since precipitation of carbonate and sulfate from black liquor occurs 
because the liquor is concentrated beyond the saturation limit rather than by
temperature effects, there is no inherent reason for scales to grow on the wall.
The precipitation process can be considered to consist of two steps, formation
of a supersaturated solution by concentration of the liquor, and precipitation
of solids with the degree of supersaturation as a driving force. The system will
tend to relieve itself of the supersaturation by the carbonate and sulfate coming
out at interfaces between solid phase and the solution. These interfaces may be
at the tube surface. They could also be carbonate-sulfate crystals entrained in
the liquor. If the growth on entrained crystals is rapid enough, the degree of
supersaturation can be kept low enough to minimize or eliminate precipitation
(scale formation) on the tube surface. Since the rate of solid precipitation .
would be proportional to the exposed surface area (for a given driving force),
the main criterion for favoring bulk crystallization over scale growth on the 
wall would be the relative amount of exposed area.
Entrained carbonate-sulfate precipitate would not be expected to cause
problems during evaporation so long as it does not settle out of the liquor.
The high liquor solids contents needed to reach saturation and the tendency for
liquor viscosity to increase strongly with increasing solids content will help
to keep the entrained solids in suspension. Stagnant liquor zones would have
to be avoided so that the entrained solids would not settle out. These could
occur in the subcooled part of the evaporator or in liquor transfer piping. It
could particularly be a problem in heavy liquor storage tanks.
L.^ ~ Provision for bulk crystallization could be made either by adding solid
Na2CO 3 and Na2SO 4 to act as seed crystals or by recirculating heavy black liquor
':.- .
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*« containing bulk carbonate-sulfate crystals. The uoint of addition could be
critical. The degree of saturation changes rapidly with solids content in the
region of the saturation solids content. If the solids content is too low, the
bulk crystals will tend to dissolve. On the other hand, if the liquor is con-
centrated beyond the saturation solids content before the solid phase is added,
scaling could take place in the preceding concentration step. The ideal situa-
tion would be to take a liquor which was unsaturated and add enough solid or
recirculated liquor to take it above the saturation solids content. The solu-
bility curves could be very useful in selecting conditions which will give this.
i.; ^.iS Since the basic cause of carbonate-sulfate scaling is concentrating
the liquor beyond the critical solids point in the presence of the heat transfer
' i surface, it should be possible to prevent this type of scale by separating the
concentration step from the heat transfer step. This could be done by operating
the evaporator in a flashing mode. Heat transfer could be entirely into liquid
;.i X | phase to raise the sensible heat content followed by a reduction in pressure and
flashing. Precipitation of solids would then take place in the flash chamber,
presumably in bulk, and not on the heat transfer surface. A similar effect can
.; be achieved by using high liquor recirculation rates. The concentration of the
feed liquor to the evaporator is effectively raised when it is mixed with the
higher concentration recirculating liquor. The concentration increase, for the
same total heat transfer rate, along the tube becomes progressively less as the
fraction recirculated increases. Thus, high recirculation would be expected to
greatly reduce the tendency to form soluble scales, both by providing carbonate-
sulfate crystals to serve as growth sites and by minimizing the concentration
*m^ increase along the tube.
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SURFACE CONDITIONS
It appears unlikely that soluble carbonate-sulfate scales can be con-
trolled through adjustments of tube surface conditions. In this work scales
were easily grown on new, clean evaporator tubes. There was no indication of
an induction period or a need to first form a layer of scale by a slow, nuclea-
tion controlled process before rapid scale growth would occur. This suggests
that surface conditions are not that important a variable. This implies that
the growth of carbonate-sulfate scales will not be influenced significantly by
whether or not the tube surface is clean; the magnitude of heat transfer coef-
ficient will be affected, but not the scaling rate (for a given degree of super-
saturation). A previous deposit could have an influence through the change in
heat transfer distribution. If a nonuniform deposit is present, and the overall
AT increased to reach a desired heat transfer rate, the distribution of heat flux
along the tube could be different and this could influence the behavior.
Organic additives might have some beneficial effect if they could be
absorbed on the tube surface and then prevent the deposit from adhering to the
wall. They would have to be able to do this in a fairly strongly alkaline
environment. Low energy surfaces might also be effective, but it would have to
be possible to maintain the low energy surface intact for long durations for
this approach to be effective. In general, control of surface conditions does
not appear to be an effective approach to control of soluble carbonate-sulfate
scales.
DETECTION AND IMPACT
In an operating evaporator, scale would have to be detected by the
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n= the heat transfer coefficient as a function of time. The heat transfer coef-
ficient in any given effect is given by,
:.- ' U. = Q./AiATi (10)
;: 2 1 2
where
U. = heat transfer coefficient for ith effect, Btu/hr ft2 OF
:.-.' , Q. = heat transfer rate in ith effect, Btu/hr
^ |. ~A. = heat transfer area in ith effect, ft2
:.- AT. = thermal driving force in ith effect, OF
?3:4 -1
-; ! The thermal driving force, AT., is by convention taken to be the difference between
-7
the saturation temperature of the heating steam in the ith effect and the boiling
temperature of the liquor in that effect. Its value can be found by direct measure-
ment of these quantities. The heat transfer area is fixed by the evaporator
.. geometry. The heat transfer rate can be found from a heat balance on the ith effect,
C (S - S.n
, i iQi =WLi tC (TL TLi + j (11)
' i where W i in the liquor flow rate into the ith effect and temperatures and solidsi".'t ·'-Li
..- in and out are for the ith effect. Alternatively, the heat transfer rate could
be found by measuring the steam (vapor) flow to the ith effect.
Qi = Wi Ai (12)
where W . is the flow of heating steam to the ith effect and X . is the heat of
-si - si
vaporization of water at the conditions existing in the steam side of the ith
effect.
If neither the liquor flow rate or steam flow rate to the ith effect
is measured, it is necessary to estimate the heat transfer rate. This can be
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done by making use of the approximation that the heat transfer rate in a multiple-
effect evaporator is the same in each effect. This assumption and an overall heat.














= weak liquor feed to evaporator system
= specific heat of weak liquor
= temperature of strong liquor out
= temperature of weak liquor
= amount of water evaporated
= number of effects
The het of vp, is evaluated at the pressure of the strong liquor
The heat of vaporization, A'
( being discharged.
Heat transfer rates are highly coupled in a multiple-effect evaporator.
As heat transfer coefficients change, thermal driving forces adjust themselves
over the various effects in accordance-with heat balance restrictions. This can
be treated quantitatively, in a simplified manner, by assuming equal heat trans-
fer rates in each effect; i.e., Qk = Q.. With this assumption,
- I
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Thus, the relation between the temperature driving forces is
UA
AT = J AT
Tj kAk j
It is possible to define an overall driving force, AT , by
-o-
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. i where
- :
:.:&.: AT =overall thermal driving force for multiple-effect system
. _- ;2. _-o
at T = saturation temperature of steam supply
-s
.^M:. T = condensing temperature of vapor leaving final effect
D. :E b.p. rise = sum of boiling point rise in each effect
~.,t% The overall driving force is related to the individual driving forces by
^:: ' N
AT = X ATk (17)
k=l
Under these conditions, the total heat transfer rate is related to
the overall thermal driving force by
N AT
Q AT ^ 1 1 - . .} (18)
U1 Ai 
+ U2 A2 UN  5%
This equation can be used to estimate the effects of changing coefficients (due
to scaling) on the total heat transfer rate (proportional to evaporator capacity).
:+ It should be noted that the denominator consists of inverses of coefficient-area
products. Thus, the effects having lowest values of UkAk tend to control the total
heat transfer rate. The total heat transfer rate is determined by the sum of the
effective resistances of each effect (1/UkAk),and this helps to prevent extremely
rapid drops in the total heat transfer rate 'as a given effect scales. The thermal
driving force spontaneously increases over the scaling effect and decreases over
the others. For example, if we have a 6-effect evaporator and the initial values
of UkAk are the same for each effect, and the coefficient in the first effect is
then cut-ih half, the total heat transfer rate would be 6/7 of the initial value.
If scaling is confined to a single-effect (as it would be expected to do for
B*P carbonate-sulfate scaling) rather large drops in the coefficient for that effect
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( could be tolerated before it is impossible to maintain the desired heat transfer
rate by increasing AT .
CONCENTRATOR OPERATION
CONCENTRATOR OPERATION
One final matter must be addressed in considering how the results of
this study apply to evaporation in mill situations. This has to do with concen-
trators, the steam heated evaporators which are used to concentrate liquors
from the 50% or so solids contents leaving the multiple-effect evaporators to
firing concentration (about 65% solids). The relationship between carbonate and
sulfate content of liquor and critical solids content is such that essentially
all concentrators exceeding 60% solids operate beyond the saturation limit. Hence,
all concentrators operate in a region of positive potential scale. How are they
able to operate?
Several different techniques can be used to concentrate liquors well
beyond the saturation point without encountering serious scaling problems.
These include:
1. Recirculating concentrated liquor to provide carbonate-
sulfate crystals in the bulk liquor as preferred sites
for precipitation.
2. Minimizing the degree of concentration of liquor along
the tube.
3. Eliminating stagnant liquor areas.
4. Providing positive flow within individual tubes.



















6. Providing a relatively large amount of heat transfer surface
for the required heat duty, so that operation can be con-
tinued with significant amounts of scale.
Commercial concentrator designs involve one or more of these steps.
Concentrators are an example of how scales caused by precipitation of a major
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( CONCLUSIONS
·.
Water soluble, sulfate-carbonate scales can form during evaporation 
of kraft black liquor. The deposits form by precipitation of Na2CO 3 and Na2SO 4
from a supersaturated solution which forms as the liquor is concentrated beyond $
the saturation level. Scale growth is governed by solubility conditions in ;
the bulk liquor rather than by local conditions at the hot surface. Scaling 
sets in at a critical solids content, dependent on liquor composition, and can ..
become quite rapid as the critical solids content is exceeded.
Solubility curves for Na2CO 3-Na 2SO4 in black liquor, developed in a
preceding study and presented in Fig. 1 and 2, have proven useful in estimating
the critical solids content of the liquor. The concept of potential scale can
be used to evaluate the severity of scaling which might ·be encountered. Poten- 
tial scale is the difference between the rate at which scaleable substances are
entering the evaporator and the rate at which they could leave as a saturated
solution at the discharge solids content. Potential scale increases very rapidly
once the saturation solids content is exceeded.
The effect of liquor composition on scaling was in accordance with the
effect of liquor composition on solubility limits. The saturation solids content
is lowered by increasing amounts of carbonate and sulfate in the liquor, increased
levels of sodium common-ion, and increased proportion of sulfate. The addition
of NaOH to the liquor to maintain a high residual active alkali in the liquor
did not prevent scale formation. No benefits of high residual alkali on carbonate-
sulfate scaling were evident.
The effect of evaporator operating variables on carbonate-sulfate
scaling is directly related to the effect of these operating variables on local
[. ->, ... .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~'- :
.^r~1
I
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* i| solids content. There was no indication that stable supersaturation could be
maintained without scaling through proper choice of operating variables. In an
X g LTV evaporator, it does not appear that carbonate-sulfate scaling can be con-
.:i' trolled by operating variables alone, if the system is operated beyond the
saturation level.
e:, The results of these experiments were obtained with a single-tube
*:. evaporator with positive liquor feed to the tube at all times. Commercial LTV
evaporators, with many tubes in parallel, are much more sensitive to flow varia-
tions within the tube. These variations can give rise to intermittent solids
' | levels above the saturation level, and hence scale formation. Thus, commercial
;: :' LTV evaporators may be sensitive to operating or composition variables (which
X; would affect flow stability) that were not found to be critical in the present
e l program. Fiber in liquor appears to be a variable of this type.
-ma t The overall heat transfer coefficient was found to be strongly depen-
dent on the fraction of the tube surface needed to supply the sensible heat
^ . requirement. Local coefficients are much lower in the subcooled zone than they
,-w are in the net boiling zone. A substantial improvement in overall heat transfer
.. coefficient could be obtained by shortening or eliminating the subcooled zone
(provided that this does not adversly affect flow stability). In practically
all of the runs, the heat transfer coefficients in the subcooled zone were rela-
tively high initially and then dropped off with time. This decay in heat trans-
fer coefficient is apparently due to a gradual suppression of subcooled boiling.
It does not appear to be due to formation of macroscopic amounts of deposits,
although it will masquerade as scaling in that it will cause the overall heat
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= heat transfer area, ft2
= heat transfer area of one segment, ft2
= concentration of a scaleable substance, lb/lb solids
= saturation concentration of scaleable substance, lb/lb solids
= saturation concentration expressed as lb/lb H20
= specific heat, Btu/lb OF
= tube diameter, ft
= proportionality constant in Equation (1), lb Btu/hr ft2 OF
= proportionality constant in Equation (33), OF or °C
= tube length, ft
= length of a single segment, ft
= rate of scale formation, lb/hr
= number of evaporator effects
= pressure, psi
= potential scale, lb/hr
= heat transfer rate, Btu/hr
= scaling rate as determined from heat transfer data, ft2 °F/Btu
= liquor solids content
= temperature, OF or °C
= condensing temperature of liquor leaving last effect, OF
= steam temperature, OF
= saturation temperature of water at local pressure, OF or °C
= overall thermal driving force = T - TL5 , 
° F
= thermal driving force in ith effect,O°F












= heat transfer coefficient, Btu/hr ft2 OF
= heat transfer coefficient based on average boiling temperature, Btu/hr ft2 OF
= vapor velocity, ft/hr
= flow rate, lb/hr
= evaporation rate, lb/hr
= feed rate, lb/hr
= steam flow rate, lb/hr
= vapor flow rate, lb/hr
= rate of condensed vapor out of evaporator, lb/hr
= loss of water vapor out vent, lb/hr
= weak liquor flow rate, lb/hr
= position coordinate, positive in upward direction with origin at the
tube bottom, ft
= gravitational acceleration, ft/sec 2
h = condensing side film coefficient, Btu/hr ft2 OF
-C
hL = liquor side film coefficient, Btu/hr ft2 °F
k = thermal conductivity of scale, Btu/hr ft OF-S
k = thermal conductivity of tube wall, Btu/hr ft OF
-w
t = time, hr
6 = scale thickness, ft
s
6 = tube wall thickness, ft
w
X = heat of vaporization, Btu/lb
p = density, lb/ft 3
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Subscripts .
CL = concentrated liquor leaving evaporator
in = inlet condition
i = designates ith segment. For point variables it denotes conditions at 
end of segment
,k~ = designate Jth and kth effects
L = liquor or liquid phase
o = outlet condition
SL = strong liquor
T = total, value for the whole evaporator
V = vapor
WL = weak liquor








Experimental measurements of s
tube evaporator system designed to permi
a wide range, accurate measurement of th
the scale formed.
SINGLE-TUBE EVAPORATOR
The evaporator itself is a ver
a single 304 SS tube, 2 inches in diamet
shell is divided into five segments, eac
of the heat transfer distribution along
single-tube evaporator is shown in Fig.
A detailed diagram of a single
itself consists of a 6-inch diameter stE
The top flange has a full 6-inch diametE
tains a hole slightly greater than 2-inc
to pass through. The distance from the
the bottom flange is 46 inches.




scaling behavior were made on a single- 
.t control of operating variables over 
ie heat transfer behavior, and access to
rtical shell and tube heat exchanger with
;er and 19 feet plus in length. The
:h 3.8 feet long, to permit measurement
the tube. A schematic diagram of the
17. 
segment is shown in Fig. 18. The shell -
linless steel tube welded to two flanges.
er opening, while the bottom flange con-
ch diameter to permit the evaporator tube
top of the top flange to the bottom of
A guard ring, made from a 4-inch diameter stainless steel tube 18 inches
long, is welded to the bottom flange. This separates condensate which forms on
the outside of the evaporator tube (which is directly related to the heat transfer
rate) from that which forms on the shell (heat loss to the surroundings). A hole
is drilled radially inward through the bottom flange to permit drainage of the
C condensate from inside the guard ring and its subsequent measurement. A top shroud,
about 4-3/4 inches in diameter is hung from the packing gland assembly and overlaps
(
(
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Figure 18. Detailed Diagram of a Single Segment
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*.J~ the guard ring a short distance. This further isolates the evaporator tube from the
:.w outside of the shell and prevents entrained condensate from entering the guarded
zone. The evaporator tube is in full contact with steam at all times. Cross-
sectional areas in the guard zone, between the shroud and the guard ring and between
the shell wall and the shroud, are large enough that steam velocities never exceed
;'· 10 ft/sec anywhere in the shell space. The whole purpose of these arrangements
is to permit an accurate measurement of the rate of heat transfer as a function
-.- of position along the evaporator tube.
Steam is supplied to the top segment. The construction of this segment
is a little different. No top shroud is used. Instead, the 4-inch diameter guard
tube welded to the bottom flange extends up 36 inches (instead of 18). The opening
for the steam supply line is located 15 inches down from the top so that the
entering steam impinges on the guard tube rather than the evaporator tube. Eight
5/8-inch diameter holes were drilled equally spaced on a 4 7/8-inch diameter bolt
circle in all of the bottom flanges except for that in the bottom (1st) segment.
These are located in the annular zone between the guard ring and the outside
f;-: shell. They provide a passage for steam between segments and also allow the con-
densate that forms on the shell wall to fall to the bottom segment where it is
removed through a trap. The open area is sufficient so that steam velocities
never exceed 20 ft/sec in passing from segment to segment. The pressure drop
from the top segment to the bottom on the shell side is negligible.
The entire evaporator assembly is supported from the vapor head. The
tube is rolled into a tube holder, 5 inches in diameter by 5/8 inch thick. This
tube holder fits through an opening in the bottom of the vapor head and presses.ff against a stop ring welded to the inside of the vapor head bottom. The necessary
pressure is maintained by a dummy flange pressed against the tube holder by the
,^ 
__E___ 
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top flange of the top segment which is bolted to the bottom of the vapor heac
Details of this assembly are shown in Fig. 19. The tube and the top segment 
are mounted first. Then the packing gland at the bottom of this segment is
tightened and the top shroud for the next (4th) segment attached. The fourth. r..l
segment is then brought up from the bottom, bolted to the top segment, its packing .
gland is then tightened,and the next shroud hung. This procedure is repeated .':~?
until the entire assembly is together. The packing glands serve as a seal to -*
prevent condensate from one segment from leaking into the one below. The packing 
gland at the bottom is accessible from the outside and seals against the steam :'
pressure in the evaporator. A flexible tube is used to connect the liquor feed 
system to the evaporator tube. Hence, the entire assembly is free to expand -:-;.
longitudinally as temperatures are raised. .
EVAPORATOR SYSTEM
The complete experimental system includes not only the evaporator it-
self, but also a liquor feed system, vapor-liquor separator, condenser, discharge
piping, and storage tanks. A schematic diagram of the entire system is shown
in Fig. 20.
Liquor is fed to the evaporator by two centrifugal pumps coupled in
series to boost the output head. A bypass arrangement, returning part of the
liquor being pumped to the feed tank, was available to permit control of the
pump discharge pressure. Manual adjustment of a valve on the bypass line was
used to obtain the desired head. Normally a high pump discharge head was sought
so that a substantial pressure drop was taken over the liquor flow control valve.
The liquor flow rate was measured by a magnetic flowmeter and the signal from 
the magnetic flowmeter was sent to an indicator-controller which in turn con-













































































































































































































































Schematic Diagram of Experimental SystemFigure 20.




flow rate was near the low end of the range of the magnetic flowmeter. This
made it difficult to obtain accurate data on liquor flow rate from the flow re-
corder. For data purposes, flow rate was determined by direct measurement of
the rates of condensate and concentrated liquor returning to the storage tanks.
The inlet temperature to the evaporator was controlled by pumping the
feed liquor through a preheater. The preheater is a 4-pass shell and tube heat
exchanger with a heat transfer area of 20 ft2 and a flow cross section of about.
0.01 ft2 . The liquor flowed through the tubes. The temperature of the discharge
liquor was measured and used to control the steam supply to the preheater. The
average residence time of liquor in the preheater was on the order of a minute.
This acted as a dead time, and the temperature control system was not always
stable. There was some tendency for the feed temperature to oscillate.
The evaporator itself has been described previously. Steam to the
evaporator was controlled by a Spence regulator. This was manually adjusted by
the operator as needed during the course of the run. The coupling connecting
the liquor feed system and the evaporator tube contained taps for temperature
and pressure measurements. Temperature was measured with a thermocouple and
recorded. A digital display was also available. Pressure was measured with
a Pace variable reluctance transducer. It was possible to measure the pressure
drop over the tube and the absolute pressure at the feed connection.
The condensed steam which collected within the guarded zones was brought
out the bottom flanges and removed through copper tubing. A small orifice meter
consisting of a drilled block with two pressure taps was located in the condensate
discharge line from each segment. The taps from the five orifice meters were
connected to a bank of manometers. The manometer readings gave a measure of the
heat transfer rate in each segment.
9:*
e
Page 136 Members of The Institute of Paper Chemistry:'-5
Report Two Project 3234.
Downstream of the orifice meters, the individual discharge lines were
connected at a small accumulator. The top of the accumulator was connected
back to the evaporator shell so that the accumulator was at the same pressure
level as the evaporator shell. A sight glass was attached to the accumulator
so that the level could be monitored. From the accumulator the total steam
condensate passed through an orifice meter (which recorded the flow rate) and
a needle valve and then was discharged. The needle valve was adjusted manually
as necessary to maintain a fixed level in the accumulator sight glass.
The vapor head is basically a large cylindrical container, 3 feet high
and 2 feet in diameter. A domed splash baffle is located about one foot above
the evaporator tube discharge to aid separation of liquor and vapor. An internal
circular guard ring is attached to the bottom plate about one inch from the edg
This is to keep vapor which condenses on the side of the vapor head from mixing
with the concentrated liquor. Ports are present for removal of vapor, concen-
trator, and condensate from the guard zone. The boiling temperature of the liquor
leaving the evaporator tube is measured by a thermocouple located directly above
the discharge point. Pressure in the vapor head is controlled by a throttling
valve located in the vapor discharge line between the vapor head and the condenser.
An indicating pressure controller and pneumatic throttling valve are used to
achieve this. In order to improve the stability of this system and to reduce heat
losses in the vapor head, air was continuously introduced into the vapor head.
This was vented to the atmosphere as a noncondensable gas from the condenser.
The condenser is a shell and tube heat exchanger with about 20 ft2 of
heat transfer area. Vapor flows to the shell side of the unit. Cooling water
flows through the tubes. Cooling water flow rate is adjustable. The condensateO
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:$ ~is removed from the condenser through a barometric leg. A recording flowmeter
is used to monitor the condensate flow rate.
~:fhS? ~ The concentrated liquor flows from the vapor head by gravity and is
,,|f removed through a barometric leg. The liquor first passes through a heat ex-
?>-t~:W changer to cool it so as to prevent flashing at atmospheric pressure. This
.yf. cooler is another shell and tube heat exchanger with a heat transfer area of
...'  20 ft2 and a flow cross section of 0.043 ft2. Liquor flows through the-tube.
A manual control valve is located in the discharge piping which can be used
as a throttle valve to permit operation at head pressures which exceed the
barometric leg capacity.
...--- Two tanks of about 500 gal capacity are located in close proximity.^ to the evaporator loop. The feed tank is a jacketed tank with a stirrer so
that the feed liquor can be kept heated and agitated. The other tank is normally
used as a receiver. These are connected to two other storage tanks of 2500 gal
capacity each. The tanks are interconnected to permit a number of different
modes of operation. These are described as follows:
Once-Through, Concentrating: Liquor is periodically pumped from one 2500-gal
tank to the feed tank. Concentrated liquor is sent to the receiver
tank and the condensate sewered. Periodically, as the receiver
fills, the concentrated liquor is pumped over to the second 2500-
gal storage tank.
Once-Through, Not Concentrating: Liquor is intermittently pumped from one 2500-
gal tank to the feed tank. Both the concentrated liquor and conden-
9^B sate from the evaporator are sent to the receiver tank where they mix.
Report Two Project 3234
As the tank fills, the liquor is periodically pumped to the second
2500-gal tank.
Concentrating: A single batch of liquor is supplied to the feed tank. The
concentrated liquor from the evaporator is returned to the feed tank
while the condensate is sent-to the receiver. This causes a gradual
increase in the solids content of the liquor in the feed tank.
Full Recirculation: This is also carried out with a fixed amount of liquor.
Both the concentrated liquor and condensate are returned to the
feed tank and reblended with the feed liquor. This permits con-
tinued operation with a nearby constant feed solids content.
Operation can be switched from one mode to the other during a run siJaly
by opening and closing the appropriate valves.
DATA OBTAINED
Although many of the key operating and performance variables were
recorded continuously during a run, the data which were analyzed were obtained
at discrete intervals. The basic data taken at these intervals are indicated
in the sample data sheet shown as Fig. 21.
The pressure at the evaporator bottom and the AP over the evaporator
were both measured with a Pace variable reluctance transducer. These were
measured sequentially by throwing a toggle valve which connects one side of the
transducer either to the atmosphere or the vapor head. For each run, it was
also necessary to measure how far the pressure transducer was located below
the bottom of the evaporator heated section.
[









Bottom Pressure, % 
AP, %__
Steam Pressure, psig 
Inlet Temperature, °C
Vapor Head Temp., °C
Steam 02, °C
Steam 3, o°C 
Conc. Liquor Flow, g/min _
Condensed Vapor, g/min
Steam Condensate, g/min_ 
Manometer S1, cm 
Manometer #2, in
Manometer S3, cm
ManometerS 4, in _ 
Manometer 5, cm______ _______ _______ 
Inlet Solids, % (lab) 
Outlet Solids, % (lab)
6.9 x Steam Condensate
UT - (T Steam Ave - TVH)
Inlet Solids, % Cenco __ _ _
Outlet Solids, % Cenco
_ _ _ _~~~~~~~~~~~~~~ _,-
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( The steam pressure was measured with a Bourdon-type gage attached to $
the shell of the evaporator.
The liquor inlet temperature, the temperature of the-boiling liquor
leaving the tube (called vapor head temperature on the data sheet), and the
steam temperature in the third and fourth segments were all measured with thermo-
couples. The signal was read from a Westronics model 7201 digital temperature
meter which had a resolution of 0.1°C.
The concentrated liquor flow, condensed vapor flow and steam conden- -
sate flow (combined for all five segments) were measured by the bucket and stop-
watch technique as they were discharged from the system.
Manometer readings which measure the AP across the orifice meters in
the condensate discharge lines from each of the five segments were recorded. This@
provides a measure of the heat transfer rate in each segment.
Samples of inlet and discharge liquor were taken each time a set of
data was taken. Solids content of these samples were then determined by the
revised TAPPI oven-drying procedure (T 650, su-71). A Cenco infrared moisture
balance was also used for "on-line" measurement of solids content to serve as an
operating guide. An estimate of the overall heat transfer coefficient based on
the measured steam condensate flow and the measured temperatures was also made
and used as an operating guide.
Thermocouples, orifice meters, and the pressure transducer were cali-
brated periodically between runs to ensure the validity of the measurements.
. .;i. W
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APPENDIX II
~.:.~-;7~. ~DATA REDUCTION PROCEDURES
Information on evaporator operating conditions and thermal performance
was obtained by measuring certain key variables at discrete time intervals during
the run. These key variables and the methods of making the measurements were
.;. described in the previous appendix. These data were used as inputs to a computer
program which reduced the data to a compatible set of units, checked the accuracy
of the data by material and energy balances, calculated temperature and solids
profiles along the tube, calculated thermal performance parameters, and out-
putted the results. A sample of the reduced data output was given in Table V
and is reproduced here.
The input data used are summarized as follows:
1. Pressure data:
a. Pressure at evaporator inlet
b. Pressure drop across evaporator tube
c. Steam pressure to evaporator shell
2. Temperature data:
a. Inlet liquor temperature
b. Boiling temperature of liquor leaving evaporator tube
c. Steam temperature in 3rd and 4th segments
3. Flow data:'
a. Flow rate of concentrated liquor discharging from evaporator
b. Flow rate of condensed vapor discharging from evaporator
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4. Heat distribution data: Manometer readings of orifice meters
in condensate discharge lines from each segment 
5. Liquor solids content data: 
a. Inlet (or feed) liquor _ 
b. Concentrated liquor discharging from the evaporator '
The data reduction program can be divided into distinct steps. These are
as follows.
1. Data conditioning - unit conversions, correction of pressure 
data for location of transducers, calculation of total mass
flow rate.
2. Calculation of heat transfer rates.
3. Carry out overall balances, compute solids content at evaporator 
tube discharge by heat balance. _ 
4. Calculate solids content and temperature profiles along the tube. ?
5. Calculate heat transfer coefficients and their inverses (thermal
resistances).
6. Output the data.
DATA CONDITIONING
The total mass flow rate through the evaporator was determined from the
measured flow rate of concentrated liquor being discharged and the measured
solids content of the feed and discharge liquor. This was considered to be the
most accurate estimate of the flow rate available in view of the range problem
with the magnetic flowmeter and the loss of water vapor with the air vented from
the condenser. The basic relationships used are as follows:
C
II
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Win = WCL x SCL/Sin (19)
and
Wvent W.in CL - (20)
where
W. = total liquor flow into evaporator, lb/hr
-in
WC = flow rate of concentrated liquor, lb/hr-CL
S = measured solids content of concentrated liquor
-CL
S. = measured solids content of inlet liquor
-in
W t = loss of water vapor out vent, lb/hr-vent
W = flow rate of condensed vapor, lb/hr
-v
Heat transfer rates were calculated from the measured manometer readings
and the measured combined steam condensate rate. Empirical equations found by
.*B calibration were used to convert the manometer readings to flow rate in lb/hr.
These values were multiplied by the latent heat of water at shell conditions to
get the heat transfer rate in Btu/hr. A subroutine was used to give saturation
temperatures, latent heats, and liquid enthalpies as a function of pressure.
Mass and energy balances were used to test the internal consistency of
the data. The mass balance was automatically satisfied since the overall mass
balance was used to calculate the vent loss. The reasonableness of this value
indicates the validity of the flow rate data. A heat balance is used to calculate
the solids content of the liquor leaving the evaporator.
0I (T -T i
S5 = Si/ - - C (TL5 TLinj (21)in W. p (21)in,
where
Ss =.solids content of liquor leaving Segment 5 (top)











= heat-transfer rate from
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= heat capacity of weak li
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= feed liquor temperature
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total steam condensate
vapor head pressure .. "
liquor ,
having Segment 5 (top) '
The pressure in the vapor head is found by subtracting the pressure
drop over the tube from the pressure at the tube bottom. The heat transfer
rates for the individual segments are also added together and compared with
QT , the rate determined from the measured total steam condensate discharge rate.
INTERNAL PROFILES
In order to calculate temperature profiles along the evaporator tube
it is necessary to consider two distinct regions in the evaporator, the subcooled I
zone and the net boiling zone. In the subcooled zone only sensible heat is sup-
plied and the liquor temperature rises as heat is transferred in. The subcooled
zone persists until the liquor temperature is raised to the boiling temperature.
From this point on, net boiling exists. In the net boiling zone, the liquor is
at the boiling temperature. This will vary along the tube because of two effects:
1. The changing pressure along the tube.
2. The change in the boiling point rise to the liquor because
of the changing solids content along the tube.
Thus, in order to calculate the temperature profile it is necessary to construct
the pressure profile and solids profile. This must be done from measured values
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PRESSURE PROFILE
.-;f-; The pressure profile is calculated in the following manner. In the
subcooled region the pressure changes only because of the gravity head. Thus,
-: P = P - PL g Z (22)in L
where
P = pressure at position Z in subcooled zone
:P. pressure at evaporator bottom
L = liquor density
g = gravitational acceleration
Z = position coordinate increasing in the upward direction
with origin at the tube bottom
The pressure at the point of the inception of net boiling is given by:
= Pin P g L (23)
where
L, = length of the subcooled zone
In the net boiling region the pressure change is more complex and not
readily predictable. In this analysis, it is assumed that the pressure changes
in a linear manner from the value at the end of the subcooled zone to the value
at the tube discharge.
(P, - Ps)
P = P* - (LT L) (Z - L,) for Z > L* (24)
where
P5 = pressure at end of Segment 5 
= P - AP
LT = total heated length = 19 feet 
I r. A
I
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SOLIDS PROFILE
The solids profile was calculated in the following manner. In the sub-
cooled region the solids content remains constant at the inlet value. In the
net boiling zone the solids content is dependent on the heat balance. The con-
tribution of flashing per se was neglected when computing the solids profile,
since the flash vapor is small compared to that generated by heat transfer in
the net boiling zone and its explicit inclusion leads to a nonlinear coupling
of the solids with the temperature distribution (since the amount of flashing
depends on dTL/dZ). The solids profile is calculated based on the assumption
that the vapor flow at any point in the net boiling region is proportional to
the amount of heat transferred between that point and the start of the net



















Qv = total heat transfer rate
Q. = heat transfer rate in Jth
TL = liquor temperature at stE
- WinCp(T* -T. ) (25)
in p in .
in net boiling zone
i segment
irt of net boiling zone







W (Z) = vapor flow rate at position Z
-v -
W = vapor flow out of Segment 5
-v5
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| r (S5 - Sin) (27)
:.;::? Wv5 in Ss
,.. .
The solids content at any position is related to the vapor flow at that position
by:
S. W.
S(Z) In i 28)· ^· :~s(z) [w. -.w (z)] (28)
-*n.-. ~ ~in v
TEMPERATURE PROFILES
The temperature profile is calculated from the heat balance in the
subcooled zone and from the pressure and solids profile in the net boiling
zone. The heat flux is assumed to be uniform within a given segment. Thus,
in Segment 1 the liquor temperature is given by:
Q1 Z
TL = Tin + W- L for Z < L* (29)L Lin W. C L
in p s
_.V If L* > L , then the subcooled zone extends beyond the first segment. In this
case, Equation (29) holds for the first segment and
L = Ll W. C L Z L (30)
in p s
where
T = T + -C"J -- (31)
TLi TLin W. C (31)
in p
This procedure continues until Z > L, . In the net boiling zone the temperature
is given by
TL = T(P) + 9(S) (32)
where
T = saturation temperature of water at pressure P
-sw
8 = boiling point rise of the liquor at solids content S
9
Page 148 Members of The Institute of Paper Chemistry'
Report Two Project 3234
The saturation temperature of water is obtained from a properties subroutine.
The boiling point rise is based on the assumption that the b.p. rise is related
to the solids content by an equation of the form
80 =K - 33)
The constant K is evaluated from the measured temperature, pressure, and solids
content of the liquor at the tube discharge.
K= T sT (PsW ) (1- (34)
SUBCOOLED LENGTH
The calculation of the subcooled length (L*) is based on finding the
value of Z at which the temperature vs. position lines for the actual liquor
temperature and the boiling temperature intersect. The saturation temperature 
of water as a function of pressure was fitted to an empirical equation:
T = 100 + 1.86P - 0.0342P 2 (in °C) (35)sw
The value of L, was then found by solving the equation:
Q! L*
TLi + ' - = 8. + 100 + 1.86(P. - 6LgL) - 0.0342(P. - 6LgL)




n K (37)in (1 - S. )in
If L* > L , the equation for the subcooled liquor temperature in the second
segment would have to be used, etc.
¢C~ 0$~
I' I I I
· of T
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HEAT TRANSFER COEFFICIENTS
Heat transfer coefficients are calculated as follows. An overall heat
transfer coefficient for the entire evaporator is calculated from the total heat
transfer rate based on the combined steam condensate and the difference between
the steam temperature and the liquor temperature at the tube discharge.
U (38)o = A(T - TLS) (38)
T s L5
where
A = total heat transfer area = 9.95 ft2
T = steam temperature-s
The value of the steam temperature used in calculating heat transfer coefficients
was the average of the thermocouple readings in the third and fourth segments.
Segment heat transfer coefficients were calculated from the measured
heat transfer rates in the segments and the average liquor temperature in that
segment.
QiQiU. = --- ^--^-(39)
A (T - T )
s s Li
A = segment heat transfer area = 1.99 ft2
Z = iL
-- 0~~s
T-. = - T(Z)dZ (o)
sL Z = (i-l)L L
OUTPUT
Most of the output variables in Table IV are self-explanatory. The
first grouping specifies evaporator operating variables. The next, the overall
heat transfer rate and the overall coefficient and its inverse. This is fol-
lowed by the exit solids as found by heat balance and the measured discharge
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solids. Next is temperature data. TSA is the average of the steam temperature*
in the third and fourth segments. TS is the saturation temperature corresponding 
to the measured steam pressure. TVH is liquor temperature entering the vapor
head. DELTA T is the thermal driving force = TSA-TVH. The irlet subcooling is
the difference between TVH = TL5 and the inlet liquor temperature TLin. The
next line gives information on the location of conditions at the end of the sub-
cooled zone.
Positions are coded as follows. Position 0 is the inlet to the evapo-
rator. Position i is at the end of the ith segment. Data or pressure, solids
content, liquor temperature, local boiling temperature and boiling point rise
are included.
Data on segment heat transfer rates, coefficients ard inverse coef-
ficients are given next. UB is a heat transfer coefficient using an average
boiling temperature in that segment in calculating the driving force. It
differs from the normal segment coefficient only in the nonbciling zone.
The final lines are data consistency checks. The s=- of the segment
heat transfer rates are compared with the total. In addition, the breakdown
of discharge flows between concentrated liquor (WLOUT), condensed vapor (WVOUT)
and the vent loss is also given.
1-
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